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An algebraic solution is presented to the problem of one- 
dimensional, steady-state, adiabatic flow of a perfect gas 
ina constant area channel with mass addition at constant 
enthalpy, constant ratio of specific heats and molecular 
weight and negligible kinetic energy, using a dimensionless 
quantity proportional to the mass flux as an independent 
variable. Properties of the solution are described, and the 
coupled problems of mass addition mechanism and adjust- 
ment of the flow to exterior pressure are discussed for the 
case of the solid propellant rocket motor. 


Nomenclature 


= local speed of sound, ft/sec 

% = speed of sound where the stream Mach number is 1, ft/sec 

4, = area of flow channel, ft? 

4; = area of channel at nozzle throat, ft? 

A, = area of channel at nozzle exit, ft? 
= discharge coefficient of nozzle, slug/lb sec 

Cp = thrust coefficient of rocket motor 
= specific heat at constant pressure, ft?/sec? °R = 1.267 X 

10-* Btu/slug °R 

= specific heat at constant volume, ft?/sec? °R 

= thrust of a rocket motor, lb (with subscript 1, the thrust 
assuming the pressure variation in the motor is negligible; 
with subscript 2, the thrust allowing for pressure drop in 
the motor) 

specific enthalpy, ft?/sec? = 1.267 X 10~* Btu/slug 

reference value of specific enthalpy in a linear approxima- 
tion of the relation of enthalpy to temperature, ft?/sec? 

specific impulse, lb (force) sec/lb (mass) 

ratio of nozzle throat area to area of constant area channel, 
A 1/A Pp 
= erosion constant in the burning rate rule with velocity term 

\’ = erosion constant in the burning rate rule with relative veloc- 
ity term, k’ = kuy 

length of constant area channel measured from zero veloc- 
ity point, ft 

mn = mass flux at the point z along the constant area channel, 

slugs/sec 


il 


= 


tg = mass flux in a variable area channel (with no mass addi- 
tion), slugs/sec 
M = Mach number 


% = pressure exponent in the burning rate rule 
= pressure, lb/ft? 


! This article is based on a paper given at the 8th Annual Con- 
a of the AMERICAN Rocket Society, New York, December 
3, 1953. 

* Physicist, Research Department. Mem. ARS. 

’ Numbers in parentheses indicate References at end of paper. 
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Mne-Dimensional, Steady Flow With Mass Addition and the 
Effect of Combustion Chamber Flow on Rocket Thrust 


With a Supplement on the Integration of the Burning Equation 


E. W. PRICE? 
U. S. Naval Ordnance? Test Station, Inyokern, China Lake, Calif. 


q = perimeter of the cross section of the burning surface at the 
point x (assumed independent of x) 
linear burning rate of the propellant 


= 

R = universal gas constant for perfect gas, 4.96 X 10* ft?/sec? 
°R = 4.96 X 104 ft lb/slug °R 

s = specific entropy 

7 = temperature, °R 

7’; = isobaric flame temperature of the solid propellant 

u = velocity of stream, ft/sec 

x = distance downstream from point where velocity is zero, ft 

y = ratio of specific heats 

6 = reduced mass flux, m/ms 

» = molecular weight of the gas 

p = density of the gas, slugs/ft® 

pp = density of the solid propellant 

@ = mass flux density parameter, m/poA p, slugs/Ib see 

6x = critical value of the ratio m/poA p, 0% =vl2(v — Ivy + 

¢ = lumped variable proportional to x, ¢ =(Cppqpo" 1/A pO )x 

Subscripts 

a = atmospheric conditions 

e = conditions in the exit plane of the nozzle 

1 = eonditions at the downstream end of the constant area 
channel in which mass addition is taking place 

0 = conditions in the constant area channel at the point where 
the stream velocity is zero 

s = stagnation conditions 

sn = stagnation conditions in isentropic flow in a variable area 
channel 

* = conditions in the constant area channel at a point where 
the speed of the stream is sonic (while these conditions 
may not be realized in a particular situation, the state 
can be computed from stagnation conditions) 

1 = operation with uniform conditions with negligible flow 
velocity in the combustion chamber 

2 = operation with appreciable flow velocity and stagnation 


pressure drop in the combustion chamber 


Introduction 


F THE large number of problems of one-dimensional, 
steady flow of a perfect gas suggested by the summary 
paper of Shapiro and Hawthorne (1),? only a few have been 
found both (a) susceptible to complete solution (in the sense 
of determining algebraic relations among the variables), and 
(b) adequately descriptive of an important physical process. 
Notable among the problems of these few which do satisfy 
these conditions is the familiar problem of isentropic flow in a 
channel of nonuniform area. The subject of this article is a 
somewhat less well-known problem of this class, comparable 
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to the physical process of flow of gases in the combustion 
chambers of many solid propellant rockets. This is the prob- 
lem of steady, adiabatic flow in a channel of uniform cross- 
sectional area with mass addition at a constant enthalpy 
(characteristic of the rocket propellant), and at negligible 
kinetic energy. This problem was discussed in a preliminary 
way by Grad (2) and in a more thorough way by Wimpress (3) 
and Price (4). In the present paper a new solution to the 
foregoing problem is summarized; the properties of the flow 
field are discussed in terms of this solution, and an analysis of 
the effect of combustion chamber flow on rocket motor per- 
formance is presented. 

The equations pertinent to the one-dimensional, steady- 
state approximation to flow with mass addition were pre- 
sented in (4) in the present notation and are summarized be- 
low for convenience: 


energy h +- qu? = ho........... [4] 
heat capacity [5] 


The last equation implies that the specific heat Cp is a con- 
stant and that no chemical reaction takes place after the gas 
is added to the stream. In these five equations there are six 
variables, p, p, u, T, h, and m; while u, ho, h,, and Cp are 
characteristics of the gas and are assumed to be constants in 
the flow field. Ay and po are most conveniently regarded as 
parameters depending on channel design and external pres- 
sure; and R is the universal gas constant corresponding to the 
units used for p, p, and 7. Since ho is the enthalpy at a point 
where the velocity is zero, it is the same as the stagnation 
enthalpy. The assumptions also require that T) = T;, a 
constant in a particular problem, Equation [5]. Additional 
relations which are useful in the analysis of this paper are the 
following: 


velocity of sound a = (yRT/p)¥?........ [6] 
heat capacity relation Cp —Cy = R/p....... [8] 


for calorifically 
perfect gas 


When values are assumed for one of the six variables of Equa- 
tions [1-5], these equations determine values of the other five 
variables. As in the more familiar case of one-dimensional, 
steady isentropic flow in channels, the algebraic solution of 
Equations [1-5] in terms of one of the other variables or a 
suitable derived variable is somewhat tedious and the result- 
ing functions are more or less complicated according to the 
choice of independent variable. One algebraic solution of 
Equations [1-5] is presented by Wimpress for the ratios 
p/po, T/To, ps/po, and for u in terms of a variable pu?/RT 
(which is the Mach number squared and divided by the ratio 
of specific heats, y).4 This choice of independent variable 
results in reasonably simple functions for the other variables, 
but does not appear to be the most advantageous from the 
standpoint of (a) understanding of the flow process, (b) actual 


determination of the flow field when a mass addition mecha- 


nism has been specified, and (c) joining the flow field at its 
end points to a field of a different character (such as isentropic 
channel flow downstream of the constant area channel cor- 
responding to flow in a rocket nozzle). In the present paper 
the independent variable will be the mass flux m, suitably 
modified in terms of properties of the gas so as to be dimen- 
sionless, Algebraic solutions to the Equations [1-5] are 
shown and the character of the flow is discussed in terms of 
these solutions. 


4See Ref. 3, Equations [10, 12, 18, 31] of Chapter 6. (There 


appear to be some errors in Equation [18] of this reference.) 
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Algebraic Solution 


The Equations [1-5] were solved by successively eliminat- 
ing p, h, T, and u, using Equations [1, 5, 2, and 3] in that 
order. Applying Equations [7] and [8] and the definition 


to the resulting equation for p vs. m, there results the rel:tion 


p 1+ + (y Wy + DU = 


This expression gives the pressure p in the channel as 4 
function of a variable 6 descriptive of the mass flux, the gas 
properties y, Cp, and 7,, and the boundary parameter j,. 
This function is double-valued except when @ has the value 


Oe = — 1M y + 


or for larger values of 0, when p/pois imaginary. Starting ata 
point in the channel designated by x = 0, where u = /’ = 
6 = 0, and p/po = 1, one finds upon proceeding to regions of 
higher mass flux that p/po decreases until 6 reaches 6,. It 
will be shown later that when 6 = 6, the Mach number is |. 
This maximum value of 6 corresponds to the maximum value 
of the mass flux m that can be attained with the value of 
poA, prevailing, and attainment of the condition @ = 4, is 
similar to the situation in a convergent-divergent nozzle when 
sonic speed is reached at the throat. The value of 0, depends 
only on thermodynamic properties of the gas. In order to 
attain further decreases in p/po corresponding to the minus 
sign in Equation [11], @ must be decreased beyond the point 
where @ = 6,. This corresponds to removal of mass from the 
stream. As will be shown later in Equation [20], this por- 
tion of the solution is not physically meaningful, since it 
implies a spontaneous decrease in entropy of the stream. Ac- 
cordingly, the sign correponding to the region of mass re- 
moval will not be carried in the analysis. 

Now if variable @ is transformed according to the relation 


= 0/0, = Mm/tite... [12] 
Equation [10] becomes 


1 — 
{13] 


In this expression the dimensionless variable 6 ranges between 
Qand 1. The variation of the pressure ratio with 6 is shown 
in Fig. 1 for two values of y. This solution applies for all 
values of Cp, 7, u, ho, and h,; and 6 is proportional to the 
mass flux with the proportionality factor m/5 = poA 

If Equation [2] is used to eliminate p from Equation [3], 
and p is then eliminated using Equation [13], one obtains for 
the velocity 
where ux is the value of u when 6 = 1. The dependence of 
u/ux on 6 is shown in Fig. 1. Notice that u4us is independ- 
ent of y. The quantity ux is given by the relation 


and hence is a function of 7, Cp, and 7, properties of the gas. 
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When hf is eliminated between Equations [4] and [5], and[33) 


Equation [14] is used to eliminate u, the following expression 
for temperature may be obtained 


= — §2)'/2]2 
= 5*) ] | 16] 


Ls 6 


(pu/RT)/(pou/RT;) = (p/po)/(T/Ts), the 


Since p/p = 


Using the r 
ind Equatio 


ratio p/p) may be obtained by combining Equations [13] andf™ 1 + ( 
[16], from which ‘y ¥ 


1+ (1 — 8)" 
= (7 — 11 — (1 


Jer 


| 


The specific enthalpy is obtained from Equations [4] and 
(14), and is given by the relation 


ho 2ho 6 


The dependence of 7'/7',, and p/p on 6 is shown in Fig. 2. 
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Fig. 2. Dependence of density and tem- 
perature ratios on reduced mass flux 


For the purpose of connecting the flow field with adjoining 
gions in which some other type of flow prevails (in the case 
the rocket motor, the other type of flow is isentropic flow 
a variable area channel), it is also desirable to compute the 
lue of the stagnation pressure, defined by the relation (5, p. 
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aw 


ing the relations p,/~po = (ps/p)(p/po) and = u?*/a?, 
d Equations [19], [13], [3], [2], and [6], one may obtain 


+1 
| 6% + 1) 
— Ay — 1)[1 F (1 — 
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The dependence of p,/po on 4 is shown in Fig. 1 for two values 
of y. The present flow process differs from isentropic channel 
flow in that the stagnation pressure is not constant. This is 
because mass is added to the channel at different entropies 
corresponding to the different pressures along the channel 
where mass addition takes place, and in the one-dimensional 
theory the average entropy of the gas added at all upstream 
points applies at a point x in the channel. As noted earlier, 
choice of the lower of the alternatives of signs in Equation 
[20] implies a flow process which is adiabatic with mass re- 
moval and increasing stagnation pressure. Since, in adia- 
batic flow, the specific entropy is related to the stagnation pres- 
sure according to the relation (5, p. 166) 


s = Cp log 


an increase in stagnation pressure implies a decrease in 
entropy. In the present situation this amounts to a mass 
removal in which relatively low velocity particles are re- 
moved from the stream, leaving the mean velocity higher after 
removal. This is a spontaneous unmixing process which can- 
not be obtained in practice. 

In order to show that the stream has sonic speed when 
0 = 6, or 5 = 1, show that ux = as. From Equations [15] 


and [11] 
= 


But from Equation [16], 7, = (y + 1) 7/2. Hence 
ue = — 1)CpTs]'” 
yR/u(y — 1). Hence, con- 


ll 


But from Equation [8], Cp 
sidering Equation [6] 


us = [yRT'+/u]''? = as 


Hence the conditions corresponding to 6 = 6, or 6 = 1 are 
conditions corresponding to flow at sonic speed. 


Interpretation and Application of Results 


The results summarized by Equations [13], [14], [16], [17], 
[18], and [20] represent a complete solution to the original 
set of five equations in six variables, while evaluation of the 
flow field in a particular case requires also Equations [11], [12], 
and [15]. While these equations identify the possible states 
of the flow field, they do not indicate which portion of the 
solution is applicable in a particular situation, and the solu- 
tion also is undetermined to the extent of the parameter po. 
These uncertainties correspond to boundary conditions on the 
problem and depend upon how the flow field is terminated 
and how the mass is added. In fact the distance scale along 
the channel cannot be specified until the mass addition mecha- 
nism is specified. To illustrate these points, the problem of 
the solid propellant rocket motor will be discussed briefly. 
But first, it will be advantageous to examine the nature of 
Equations [13], [14], [16], and [20] at the sonic point. 


Sonic Conditions 

If the boundary conditions are suitably chosen, 6 will take 
on the value 6, at the downstream end of the constant area 
channel. For this condition 6 = 1, and we have the rela- 
tively simple relations 


p«/po = 1/(y + 1) 
2y 
=| —— 


= 2y +1) 
Dex /Po = (1/2)[(y + 
It may be interesting to compare these relations with the cor- 
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responding ones for isentropic flow in a variable area channel 
with sonic flow at the throat, where 


pe/Po = [2/(y + 


| 2y my" 
u=U = 


Ts/T, = 2/(y + 1) 
Pex /Po = 1 


Downstream Boundary Conditions 


In the case of a rocket motor, the constant area channel with 
mass addition is the flow channel adjacent to the “side-burn- 
ing,” solid propellant charge (the channel is of constant area 
along its length, but changing in area with time at a rate 
which usually does not invalidate the steady-state assump- 
tion). The stream usually does not attain sonic speed in this 
channel, and the venturi of the motor plays an important role 
in determining the actual pressures attained. This role is 
expressed quantitatively by requiring that the mass flux at 
the exit of the constant area channel equal the mass flux 
through the nozzle. If the flow is assumed to be steady-state 
and isentropic in the region between the exit of the constant 
area channel and the nozzle throat, and the velocity is sonic 
at the nozzle throat, the discharge rate of the nozzle is 


ma = = CoAipa = my 


where the subscript / stands for conditions at the downstream 
end of the constant area channel (3, p. 40). From the above, 


= 


Since p,/po is a known function of 6, J isa 


6: = mi/mMs 


where J = A;,/Ap. 
function of 6; 


= (0% /Cp)(po/psi 


The coefficient 6,/Cp in this equation can be evaluated by 
considering the case where 6; = 1. In this case, sonic speed 
prevails both in the nozzle throat and the downstream end of 
the constant area channel. Since the flow between these two 
points is assumed to be isentropic, A; must equal A, (provided 
the one-dimensional assumption is applicable) and J = 1. 
Then 


= (1/2)[(y + 


Then one has the following relation between J Gunes 6, coupling 
the two regions of flow 


= Pex /Po 


+ .. [21] 


J = 


So for the solid pein rocket motor, Equation [21] deter- 
mines what portion of the range of possible states of the stream 
is actually realized. This portion is the interval of 6 from 

= 0 at the upstream end of the channel to 6; at the down- 
stream end, where 6; is determined by Equation [21]. This 
equation corresponds to Equation [22], p. 62 of Ref. 3, al- 
though the choice of variables is somewhat different for rea- 
sons noted in the Introduction, and manifested particularly 
well in the next two sections. Equation [21] is graphed in 
Fig. 1 for two values of y. 


Mass Addition Mechanism 


The flow field cannot be considered as uniquely established 
until a correspondence between 6 and a distance scale, x, along 
the channel is established. Since 6 is proportional to the 
mass flux in the channel, the correspondence between x and 6 
is established by integrating the rate of mass addition along 
the channel. The character of the problem of evaluation of 
this integral depends on the nature of the mass addition mecha- 
nism, and discussion of the problem will not be attempted in 
detail here. However, a glimpse of the consequence of solv- 
ing this problem in the case of the rocket motor is enlighten- 
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ing. The mass addition process relates 6 and x through the 
equation 


6= 
Mx Ox Do A 


where (dm/dzx) is the mass added to the channel per second 
per unit length of channel, and z is the distance along the 
channel from the point where the velocity is zero. This 
expression provides two important pieces of information: 

1 By inserting the functional form of (dm/dzx) and 
evaluating the integral for various values of x, the distribution 
of 6 along the channel is obtained, and consequently the varia- 
tion of p/po, u/ux, T/T, p/po, h/ho, and p,/po with x is estab- 
lished. 

2 Equation [22] may contain po both explicitly and im. 
plicitly. Since 6; can be computed from Equation [21 |, the 
value of po is established from Equation [22] by evaluating it 
atz =l. The complexity of this operation depends upon the 
nature of the function (dm/dz). 


Rocket Motor Thrust 


The thrust of a rocket motor is given by Equation [2s] of 
Ref. 3 
F = thaue + Ac(De — Pa) 


The derivation of this equation does not depend upon the de- 
tails of the internal pressure distribution of the rocket motor 
or how the pressure field was generated. It has been cus- 
tomary to calculate the dependence of thrust on motor design 
by assuming that the variables on the right side of the tlirust 
equation can be calculated from the theory of one-dimen- 
sional, isentropic flow through a nozzle from a reservoir at a 
stagnation pressure pp (3, p. 43). In an actual rocket con- 
bustion chamber the stagnation pressure is not uniform, and 
the performance may differ appreciably from that predicted 
by the theory. For typical solid propellant rocket motor 
having side-burning charges, the effect of combustion chamber 
flow on the thrust can be evaluated quite readily from the 
theory of the present report. 

Denote conditions in the motor with uniform combustion 
chamber pressure by the subscript 1, and conditions in the 
motor with appreciable velocity and pressure drop in the 
combustion chamber by the subscript 2. Assume the maxi- 
mum pressure and the nozzle geometry are the same in both. 
Then 


F, CpA 1PoUle 


F, 


+ AdPa — Pa) 
+ Ad Pe Pa) 
where CpA rp, = (3, p. 40), and where uw = the = be- 
cause the stagnation temperature and nozzle area ratios are 
the same in both motors, and isentropic nozzle flow is assumed. 
By algebraic manipulations, the ratio of the two thrusts may 
be written 


Ae De A. 
(cou + 4 pa) _ 
Ar Do Ar Po Po (231 
Ay po At Po pu 


From Equation [23] it may be seen that the combustion 
chamber flow reduces the thrust, the proportional reduction 
being approximated in most cases by the proportional drop in 
stagnation pressure along the combustion chamber. This 
drop may be related to the channel area ratio J by Fig. 1 or 
Equations [20] and [21]. To illustrate the effect of combus- 
tion chamber flow on thrust in more detail, the dependence of 
F,/F, on J is presented in Fig. 3 for several values of the 
nozzle expansion ratio A,/A;, and for typical values of po/p 
and y of 100 and 1.2, respectively. In calculations for Fig. 3, 
the quantity Cpu, was evaluated from the theory of isentropic 
flow to be 


Cote = [2/(y + Me 
As may be seen from the curves in Fig. 1, sonic flow pre 
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vails at the exit of the uniform channel along the combustion 
chamber if J = 1 (provided sufficient mass has been added by 
the burning so that po/pa > y +1). This implies that the 
channel area A, and the nozzle throat area are equal. Fur- 
ther increases in throat area do not affect the flow in the uni- 
form channel because pressure effects cannot propagate up- 
stream through the sonic surface. For J > 1, flow down- 
ream of the propellant charge is not described adequately by 
entropic theory, and the doubtful utility of such designs 
jiscourages their study. If supersonic expansion of the gas 
jownstream of the charge is desired, it may be accomplished 
yy a channel expanding directly from the exit of the uniform 
hannel. If no nozzle at all is used, the results of Equation 
23] are equivalent to those of Grad (2), and are given by 
fig. 3 when A,-/A; = 1.00 and J = 1. 
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g.3 Ratio of thrusts due to operation of rocket motors with 
and without pressure drop in the combustion chamber 


In addition to the reduction in thrust resulting from com- 
istion chamber flow, it is shown in the next section that 
ere is a reduction in mass discharge rate from the motor, the 
oportional reduction being almost the same as the propor- 
mal reduction in thrust. Because of this result, the effi- 
ancy of the motor (measured in impulse per unit mass of 
opellant) is nearly independent of combustion chamber flow. 
ket Motor Discharge Rate and Specific Impulse 

As indicated in the derivation of Equation [23], the dis- 
arge rate of the rocket motor with combustion chamber 
W is Ma. = CpArpgi, Where pg: is the stagnation pressure at 
e downstream end of the propellant charge. The ratio of 
charge rates with and without combustion chamber flow is 


om Equations [20] and [21] it follows that the ratio of dis- 
arge rates depends only on the area ratio J and the ratio of 
cific heats y. The dependence may be obtained from the 
Po Vs. 6 curve and the J vs. 6 curve in Fig. 1. Neglecting 
» atmospheric pressure term in Equation [23], the reduc- 
ns in thrust and in discharge rate are the same. 
The specific impulse at any moment during operation is 
fined as the ratio of the thrust to the mass discharge rate. 
e ratio of specific impulses with and without combustion 
umber flow is 


Since F./F, is a function of A./At, po/pa, J, and y, and 
./Ma, is a function of J and ¥, the ratio of specific impulses 
i function only of Ae/A1t, po/pa, J, and y. The cancellation 
the p;:/po factor from Equations [24] and [23] causes the 
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specific impulse ratio to be nearly independent of these varia- 
bles except when J is large and the atmospheric pressure 
term in the thrust equation is comparable to the other terms. 
The extent to which the impulse ratio I,p2/T,p: depends upon J 
is indicated in Fig. 4 for the same values of A,/A+, po/Pa, and 
7 as used in Fig. 3. 
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Fig. 4 Ratio of specific impulses of rocket motors with and 
without pressure drop in the combustion chamber 


In summary of these last two sections, the effect of a stagna- 
tion pressure drop in the combustion chamber is to reduce the 
mass discharge rate of the motor in proportion to the stagna- 
tion pressure drop, reduce the thrust slightly more than this, 
and reduce the specific impulse very slightly. Some reserva- 
tions should be made in these conclusions because the nozzle 
flow is not strictly isentropic or one-dimensional as assumed, 
the internal drag is not included in the conventional thrust 
equation used here, and the conclusions were not examined 
for the case of motors operating at pressures near atmospheric 
pressure. 
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SUPPLEMENT 
Integration of the Burning Equation’ 


The problem of one-dimensional, steady flow with mass 
addition is solved with the aid of automatic computers for 
the case of mass addition according to typical three-pa- 
rameter burning rate law for solid propellants. 


Introduction 


HE burning rate of the solid propellant in rocket motors is 
usually determined by experimental means, and for most 
5 Received August 30, 1954. This Supplement is an elabora- 


tion of the problem described in the foregoing pages in the section 
entitled ‘“Mass Addition Mechanism.” 
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propellants it is possible to approximate the results of these 
experiments as a function of the form (6, 7)* 


[1] 


where r is the linear rate of regression of the burning surface, 
C is a constant usually dependent on the ambient tempera- 
ture of the propellant before ignition, p is the static pressure 
of the gaseous environment of the propellant, n and k are con- 
stants characteristic of the propellant, and wu is the linear 
tangential velocity of the gas stream adjacent to the burning 
surface. Equation [1] has no well-established theoretical 
basis, but has been used fairly successfully (6, 8) to predict 
motor performance in terms of motor design. In the case of 
conventional motors with straight-sided, side-burning charges 
(Fig. 5), the prediction of motor performance in terms of de- 


BURNING SURFACE ——— 
SOLID PROPELLANT 


Fig. 5 Diagrammatic representation of a rocket motor with solid 
side-burning propellant charge 


sign involves a preliminary integration of the burning rate 
equation to establish the total mass burning rate in terms of 
charge length (6, p. 240). This integration is a tedious pro- 
ceeding which has been reported for very few propellants 
(6, 8, and 9). Integration of the burning rate equation for 
many values of the parameters n and k would enable one to 
evaluate the dependence of motor performance on burning 
rate characteristics to a degree not previously possible, and 
would also enable one to apply a “variation of parameters” 
technique to determination of n and k from experimental data 
for new propellants. The present report describes a proce- 
dure which has been used for integration of the burning rate 
equation with IBM equipment. Two hundred and eighty 
integrations have been made by this means, covering a large 
range of values of n and of k. 


Integral Form of the Burning Equation 


For conventional solid propellant rocket motors using side 
burning charges, it is satisfactory to treat the gas flow in the 
combustion chamber as one-dimensional, steady-state, adia- 
batic flow in a uniform channel with mass addition (6, 8, and 
10). Under these conditions the variables of state of the gas 
stream can be expressed in terms of the mass flux and the 
boundary conditions at the end of the combustion chamber 
(6,10,and11). Hence it is possible to express the burning rate 
in Equation [1] in terms of these quantities also. Thus 
Equation [1] may be written 


r = Cp” (7) (: +k! [2] 


by simple rearrangement. The quantity po is the pressure at 
the upstream .end of the motor, and uy is a characteristic 
velocity dependent only on the thermodynamic properties of 
the propellant gas. From (11) the ratio p/pp is given by the 
relation 


and u/us is given by the relation 


so that the burning rate r may be written 


6 Numbers in parentheses indicate References at end of paper. 
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r = = cnt | 


In this equation 6 is a dimensionless mass flux which is zero at 
the upstream end of the combustion chamber and increases 
monotonically toward the downstream end of the combustion 
chamber (11). . 

The purpose of an integral form of the burning equation is 
to establish the dependence of 6 on distance (x) along the 
combustion chamber, so that Equations [3] and [4] and simi- 
lar equations for stagnation pressure, temperature, density, 
and enthalpy can be evaluated in terms of position along the 
chamber. The integral form of the burning equation js 
actually an equation for conservation of mass, stating that 
the mass flux at a given point along the combustion chamber 
is equal to the integral of the burning rate over the charge sur- 
face upstream of that point. Symbolically, this is 


where py is the density of the solid propellant, g is the perime- 
ter of the burning surface at the point x (assumed to be 
independent of x), and m is the mass per sec passing the point 
x. Using the definitions 6 = m/m,, and Ms = poAp4 (11), 
Equation [6] may be written 


J 0 


and when r is replaced by the expression in Equation [5] and 
the space-independent factors are lumped in the length varia- 


rdz 


ble 
b= = ae {7 
where 
Cp 
dg = ——d 
Cp * 
A Dx 


In these relations, the quantities pp, g, po, Ap, and 64 are inde- 
pendent of x. 6, is defined in (11) and is a function of the 
thermodynamic properties of the gaseous products of reaction 
of the propellant. 

Equation [7] is usually referred to as the integral form of 
the burning equation. When evaluated for different values of 
the dimensionless length variable ¢ in the upper limit of the 
integral, it provides the distribution of the reduced mass flux 
6 along the combustion chamber. The actual dependence o/ 
6 on ¢ depends upon the burning characteristics of the pro- 
pellant contained in the parameters n and k and the thermo- 
dynamic characteristics of the propellant gas contained in the 
parameters y and us. The present report describes integra- 
tion procedure leading to tabulations of ¢ vs. 6 (and f (8) vs. 4) 
for various combinations of the parameters n, kus, and y. 


Integration of the Burning Equation 


Taking the differential of both sides of Equation [7], divid- 
ing by f(6), integrating from 6 = 0 to 6 = 6, and noting that 
when z = 0, ¢ = 6 = 0, one obtains the relation 


| 


When the expression for f(5) is substituted from Equation [5], 
Equation [9] becomes 


(Continued on page 78) 
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On the Start of Nucleation in Boiling Heat Transfer 


R. H. SABERSKY' and C. W. GATES, JR.’ 


California Institute of Technology, Pasadena, Calif. 


A series of experiments was conducted to provide addi- 
ional information on the mechanism of bubble formation 
n boiling liquids. A 0.010-in.-diam wire was immersed 
na vessel filled with water. The entire assembly was 
Jaened and then subjected to a pressure of 15,000 psia for 
yriods in excess of 15 minutes. The pressure was then 
educed to atmospheric and the wire heated electrically. 
fhe results showed that, for properly cleaned wires, 
ucleation occurs only at a temperature considerably 
bove the normal boiling point. As soon as nucleation 
oes take place, however, the wire temperature abruptly 
rops. After the drop, the heat transfer from the wire 
oes not show any further effects of the pressurization 
rocess. The burnout point in particular remains essen- 
ally unchanged. 


Introduction 


N A recent paper (1)* the problem of boiling heat transfer 
was discussed. It was pointed out therein that the prob- 
m could be conveniently subdivided into three phases: 
e nucleation process, the growth and collapse of the bubbles, 
id the effect of bubble motion on heat transfer. The afore- 
entioned paper was concerned with the last of these phases; 
i¢ present paper is concerned with the first, i.e., with the 
1estion of how bubbles are formed in a liquid. 
Where a cavity exists in a liquid, the pressure inside differs 
om the pressure outside because of the surface tension. If 
e cavity is spherical, the relation for the pressures is 


here 
P; = pressure inside the cavity 
P, = static pressure of the surrounding liquid 
¢ = surface tension (force per unit length) 
r = radius of the bubble 


1e cavity is filled with vapor (and possibly gas originally 
solved in the liquid) and the pressure is approximately 
ual to the vapor pressure corresponding to the temperature 
the surrounding liquid. On first examination of Equation 
| it seems impossible for a vapor bubble to form inside a 
dy of liquid. The bubble would have initially an infini- 
imally small radius; therefore the surface tension forces 
uld be infinitely large and could not be overcome by the 
por pressure. 

lo explain the fact that bubbles actually form at a tempera- 
‘e very close to the normal boiling point, two hypotheses 
» generally offered. According to the first, any normally 
ated liquid contains a large number of small cavities, con- 
ting of masses of vapor or gas, stabilized on solid impurities 
low wettability. The impurities are necessary for the exist- 
‘e of the cavities, because isolated vapor bubbles in a 
id are unstable and even gas bubbles dissolve in a few 
onds unless the liquid is saturated with the gas (2). Small 
vices in the walls of the vessel containing the liquid or in 
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any heating surfaces immersed in the liquid may, of course, 
also serve as stabilization points. Upon heating, the vapor or 
gas in the cavity will expand and a part may separate from 
the solid, forming a bubble in the liquid. The pressure inside 
this newly formed bubble will be very nearly equal to the vapor 
pressure corresponding to the temperature of the surrounding 
liquid. If this pressure is sufficient to overcome the surface 
tension and the static pressure of its surroundings (Equation 
{1]) the bubble will grow; otherwise, it will collapse. In dis- 
tilled degassed water at atmospheric pressure, bubble forma- 
tion has been observed to occur at approximately 240 F (3, 
e.g.). According to Equation [1] the bubble must, for a value 
of surface tension (c) of 55 dynes per em, have had a diameter 
of the order of 10~ in. 

The second explanation of the occurrence of bubbles within 
a liquid is based on the concept of thermal fluctuations. 
There is a certain probability that cavities will be created in- 
side a liquid because of the random motion of the molecules. 
To explain bubble formation at the observed temperatures, it 
was just mentioned that cavities of the order of 10~‘ in. were 
required. It can be shown (4) that the probability of creating 
a cavity of this size inside a liquid is practically nonexistent. 
This mechanism cannot, therefore, explain bubble formation 
inside a liquid. But its effectiveness in creating bubbles at a 
heating surface cannot be as easily dismissed. The properties 
of the surface material may be such that the energy to create a 
cavity at the surface could be considerably less than that re- 
quired to form a bubble inside the liquid. The probability of 
forming a bubble at the surface could then be relatively high, 
and this mechanism could be important in the formation of 
such bubbles. Present information on surface energies is not 
sufficient to compute the probability of bubble formation for 
this case, and the importance of this mechanism for boiling 
cannot be determined at this time. 


The Problem 


Several experiments have shown that, in prepressurized 
water samples, it is possible to reach temperatures in excess of 
400 F before boiling occurs. Experiments of this type have 
been conducted by several investigators (see e.g., Refs. 5 and 
6). In those experiments water samples were first subjected 
to pressure of over 5000 psi for more than 15 min.; the pres- 
sure was then reduced to one atmosphere, and the water was 
heated. Essentially similar results were obtained with dis- 
tilled, tap, or degassed water. It is, however, necessary to sub- 
ject the container to a careful cleaning procedure in order to 
avoid nucleation spots on the surface. The results can be 
explained by the theory of gaseous or vapor nuclei. Upon 
pressurization some of the vapor or gas is forced into solution, 
leaving only smaller nuclei which require a higher temperature 
in order to produce a bubble capable of growing. 

The present series of experiments was designed to show 
whether the pressurization treatment would still affect the 
boiling of a liquid in the presence of a metallic heating surface. 
It was desired in particular to determine any effects on the 
burnout point, since this information is of main engineering 
concern. Should the burnout point remain unaffected by the 
pressure treatment, a closer study of the conditions at the 
onset of nucleation was to be conducted. For this purpose 
the second series of experiments was planned, in which the 
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temperature of the heating surface in the vicinity of the nu- 
cleation point was to be measured. 


C Test Equipment 


The heating element for the present series of experiments 
consisted of a 0.010-in.-diam wire of approximately 1-in. 
length. The wire was submerged in a glass bottle filled with 
the test fluid. The wire was held in place by two electrodes 
inserted through the bottle stopper (Fig. 1). The heating 
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Fig. 1 Heat transfer bottle 


was done electrically with direct current. A vent was pro- 
vided at the center of the stopper to allow complete filling of 
the bottle. The bottle was so designed that it could be in- 
serted into an available pressurization apparatus as shown 
(Fig. 2). During the pressurization process the entire bottle 
was surrounded by a cellulose bag. The fluid in the bag was 
the same as the test fluid in the bottle. This arrangement 
was selected because, during pressurization, fluid from the 
surroundings enters the bottle through the vent and it was 
desired to keep the contents of the bottle uncontaminated. 
The electrical circuit required for the determination of the 
burnout point was extremely simple (Fig. 3). It consisted of 
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Fig. 3 Circuit for the determination of burnout heat flux 


the heating wire, a variable resistance, and a ballast resistant 
in series, fed from a large d-c source. (The ballast resistance 
was a wire coil submerged in water and operating in the nu- 
cleate boiling regime.) An ammeter was provided to measure 
the current through the wire. 

For the test in which the temperature of the wire was to 
be determined it was decided to use the wire itself as a resist- 
ance thermometer. The use of a thermocouple was avoided, 
because it was thought that it might contribute an extraneous 
nucleation point. In order to measure the resistance of the 
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Fig. 2 Pressurization tank 


wire with the required accuracy, a Wheatstone Bridge circuit 
was designed (Fig. 4), with the test wire forming one of the 
legs. The bridge connection itself was formed by a “Brown 
Electronik” potentiometer. The unbalance of the bridge 
circuit, as indicated by the reading of the potentiometer, was 
used to compute the temperature changes of the test wire. 
In order to measure the temperature of the test wire in this 
way, the resistances in the other legs of the bridge had to be 
designed so as to remain essentially constant. This was ac- 
complished by constructing these resistances from manganan 
wire, the resistivity of which is practically independent of tem- 
perature. In addition, the manganan resistors were sub- 
merged in water in order to keep temperature variations at a 
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Fig. 4 Circuit for the determination of nucleation temperature 


JET PROPULSION 


ninimum. 
of course, O 
tion was, hy 
The proc 
4s follows. 
deaned by 
rated with 
distilled we 
the test flu 
pressurized 
about 15,00 
The bott 
paratus anc 
the determi 
in Fig. 3 w 
creased slov 
rading jus 
transfer rat 


where 


The initial \ 
of temperat 
without inc 
ture was d 
burnout. 

For the e: 
sired, the cir 
controlled | 
was inereast 
well as the 
From these 
wire temper 


Burnout 


Following 
df determir 
water as We 
but no atte 
The test wi 
(010in. 7 
fa graph ( 


MAXIMUM HEAT FLUX (q/A) 6tu/sq in-sec 


Broken line 


pressurization 
Water, saturat 


FEBRUARY 


| 
a 
= 
| | 
| 
| / | 
| 
| 
: 
| 
: TA 
— 
me )AMMETER 
4 
Rs 
Ra 
220 2 
| 
q 


ninmum. The resulting temperature measurement represents, 
ofcourse, only an average for the whole wire. This informa- 
tion was, however, believed sufficient for the present purpose. 

The procedure followed in carrying out the experiments was 
y follows. First, the glass bottle with the wire installed was 
cleaned by immersion in an acid bath (sulphuric acid satu- 
nated with sodium dichromate) followed by several rinses in 
istilled water. The bottle was then completely filled with 
the test fluid (either distilled or tap water). It was then 
pressurized in the apparatus shown in Fig. 2 at a pressure of 
shout 15,000 psia for a period of not less than 15 min. 

The bottle was then removed from the pressurization ap- 
paratus and connected to one of the two electric circuits. For 
the determination of burnout points the simpler circuit shown 
n Fig. 3 was used. The resistance of the rheostat was de- 
seased slowly until the wire burned through, and the current 
eading just prior to this moment was recorded. The heat 
vansfer rate was then computed from the equation 


q val [2] 
shere 
I = current 
R = resistance of wire 
l = length of wire 
d = diameter of wire 
g/A = heat transfer rate per unit area 


he initial wire resistance may be taken for “R”’ and the effect 
{temperature on “R”’ may be neglected in this computation 
ithout incurring a significant error. The water tempera- 
ire was determined by a thermometer immediately after 
urnout. 

For the experiments in which the wire temperature was de- 
red, the circuit shown in Fig. 4 was used. Heating was again 
mtrolled by adjusting the rheostat. The rate of heating 
as increased in steps, and the current through the wire as 
ell as the deflection of the potentiometer were recorded. 
rom these data the heat transfer rate and the changes in 
ire temperature were computed. 


D_ Presentation of Results 


Burnout Points 


Following the procedure outlined in the foregoing, a number 
determinations of the burnout point were made. Tap 
ater as well as distilled water was used in these experiments, 
it no attempt was made to deaerate the water samples. 
ie test wire was made of nichrome and had a diameter of 
110 in. The results of these tests are presented in the form 
a graph (Fig. 5) of “maximum heat flux rate” as a function 
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Fig. 5 Burnout heat flux measurements 
sroken line—average values for distilled, degassed water without 


ssurization treatment. Solid line—average values for distilled 
er, saturated with air and without pressurization treatment. 
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of “subcooling,” where subcooling is defined as the difference 
between normal boiling temperature and the actual water 
temperature. On the same graph two curves are shown which 
had been obtained previously from tests with distilled aerated 
and deaerated water, respectively, but without any pressuri- 
zation treatment. An examination of Fig. 5 shows that the 
effect of the pressurization treatment on the burnout point is 
not very pronounced. The experimental points seem to fol- 
low the curve determined from tests with deaerated water 
without pressurization. This may indicate that pressurized 
water in which many of the free air nuclei must have been forced 
into solution, behaves similarly to deaerated water. In 
either case there is probably a reduction in the number of air 
bubbles which tend to adhere to the heating surface and 
which thereby facilitate burnout. The principal conclusion, 
however, is that the effect of the pressurization is not large 
and could probably be neglected for most engineering applica- 
tions. 


2 Incipient Boiling 


The small effect of the pressurization process on the burnout 
point was in a way surprising because of the large effect that 
this process had on the boiling point of pure water (Refs. 5 
and 6). To investigate the phenomenon further, it was de- 
cided to measure the temperature of the wire as the heat trans- 
fer was increased from zero to values well in the nucleate boil- 
ing range. 

The procedure outlined in the previous section was followed. 
Tests were carried out with wires of platinum as well as ni- 
chrome. The size of the wires in all cases was 0.010 in. The 
results of these tests are presented in the form of a graph of 
“heat flux” vs. “wire temperature” in Figs. 6 and 7. 
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Fig. 6 Nucleation temperature measurements 


0.010-in.-diam platinum wire. Tap water. One atmos pressure. 
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Fig. 7 Nucleation temperature measurements 


0.010-in.-diam nichrome wire. Distilled water. One atmos pressure. 


An inspection of the aforementioned figures shows that, at 
first, the heat flux increases gradually with temperature. 
During this period heat transfer takes place by free convection. 
The free convection range for the pressure-treated water, how- 
ever, extends to heat transfer rates considerably beyond the 
point at which nucleate boiling occurs in untreated water. 
At a certain heat transfer rate the gradual rise in temperature 
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stops and a sudden decrease in wire temperature is observed. 
At the instance of the temperature drop a buzzing sound 
characteristic of nucleate boiling can usually be heard. With 
further increase in heat transfer the wire temperature remains 
in the neighborhood of the value reached after the drop and 
increases only slowly. This leads to the characteristically 
steep curve of nucleate boiling. Upon further heating, the 


burnout point will eventually be reached. In one case the 
experiment was actually carried that far, and the resulting 
burnout point was in good agreement with the values shown 
in Fig. 5. 

In carrying out the above experiments, attention was di- 
rected principally toward the existence of the sudden tem- 
perature drop. The instrumentation was adequate for indi- 
cating temperature changes, but not sufficiently accurate to 
yield absolute wire temperatures. In constructing the curves 
shown in Figs. 6 and 7 it was, therefore, assumed that the 
temperature of the wire was 240 F for heat transfer rates just 
above the one at which the jump occurred. The value of 240 
F was selected because this is the approximate temperature 
the heating surface assumes in the fully developed nucleate 
boiling region under normal conditions (see, e.g., Ref. 1). 
The magnitude of temperature drop is believed to be accurate 
to within about 10 F for the platinum wire and to within 
about 30 F for the nichrome wire. The principal source of 
error for the latter was the difficulty in determining the exact 
thermal coefficient of resistivity. In computing temperature 
changes, assumptions were made so that the values shown are 
probably lower than the actual ones. 

The five tests shown in Figs. 6 and 7 were obtained from a 
total of about ten experiments. In the five experiments 
which are not shown, either no temperature drop or only a 
small drop occurred. The occurrence of the temperature 
drop was quite dependent on the care with which the cleaning 
procedure was carried out. 


E_ Discussion and Conclusion 


The results of the two series of experiments described in the 
foregoing section may be interpreted in the following way. 
With a properly cleaned vessel and heating surface the nu- 
cleation point may be significantly delayed by subjecting the 
water and vessel to a pressurization treatment. The excess 
temperature at the heating surface required to initiate nuclea- 
tion is of the same order as the excess which has been observed 
for water in the absence of any foreign surfaces. Once nu- 
cleation at the heating surface has started, however, the tem- 
perature excess vanishes and no further effects of the pressuri- 
zation treatment seem to remain. In particular, the burnout 
point remains essentially unchanged from the value obtained 
for water which was not subject to the pressure treatment. 

A qualitative explanation for this behavior may be given in 
terms of the concept of bubble formation from pre-existing 
nuclei. If the liquid is subjected to high pressures, some of 
the larger cavities will be eliminated or reduced in size due to 
condensation of the vapor or solution of the gas. Only smaller 
cavities will remain, even after the pressure is released, and a 
higher temperature will be required to initiate boiling. Once 
boiling has begun, however, and once the surface has again 
been exposed to vapor masses, the larger cavities will reform. 
Further boiling will then occur at normal surface tempera- 
tures. 

The observed excess in nucleation temperature, on the 
other hand, seems difficult to explain on the basis of the theory 
of thermal fluctuations. The described treatment, while 
involving pressures which are large compared to the vapor 
pressure and the static pressure of the liquid, should have 
little effect on the molecular forces and interfacial energies. 
Thus, the quantities influencing the probability of creating a 
nucleus from thermal fluctuations should not be affected. 
The assumption that pre-existing cavities are responsible for 
the initiation of boiling in a liquid, therefore, appears to be 
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the more plausible one. Whatever explanation, however, 
shall prove correct, the experiments have indicated that a 
treatment as extreme as the pressurization treatment has only 
a small effect on the burnout point. On the basis of this fact 
it may be possible to reduce the number of variables which will 
have to be considered in attempts to develop a general method 
for predicting burnout points. 
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On the Utility of an Artificial Unmanned Earth Satellite 


A Proposal to the National Science Foundation, Prepared by the ARS Space 
Flight Committee, November 24, 1954 


Introduction 


HIS is a proposal to the National Science Foundation 

that the Foundation sponsor a study of the utility of an 
unmanned, earth-satellite vehicle. The proposal is made by 
the American Rocket Society in the normal exercise of its 
functions. The role of the Society in this matter is made 
clear by the following policy statement adopted by the Board 
of Directors: “The American Rocket Society should act 
as a ‘catalyst’ and should promote interest and sound public 
and professional thinking on the subject of space flight. It 
should not attempt to evaluate the merits of individual 
proposals or undertake work on the subject of its own accord. 
It should, however, encourage such activity on the part of 
other organizations.” 

It is apparent, then, that the Society cannot undertake 
tomake the study. It can, however, serve the National Sci- 
ence Foundation in a number of ways, and believes it is doing 
% in bringing this subject to the Foundation’s attention. 
Should the Foundation elect to sponsor the study the So- 
ciety could assist by encouraging scientists and engineers 
both inside and outside the Society to participate. The 
Society would be willing to perform any other service within 
its functions and abilities to assist the National Science Foun- 
dation in implementing this proposal. 


Background 


The proposal was prepared by a Space Flight Committee ap- 
pointed by the President of the Society. The Committee 
decided that the study of the utility of an unmanned, earth 
satellite would be one of the most important steps that could 
be taken immediately to advance the cause of space flight, 
and that this step would also increase the country’s scientific 
knowledge and, indirectly, promote its defense. 

Why an unmanned, earth satellite? Although many satel- 
lites proposals have been put forward, the small, unmanned 
satellite is the only one for which feasibility can now be shown. 
This opinion is held by many responsible engineers and 
scientists involved in rocket and guided-missile work and in 
upper-atmosphere research. At any rate, most of these 
people agree that the unmanned earth satellite would be the 
irst step toward more ambitious undertakings. It is felt 
generally that, although the satellite vehicle has yet to be 
uilt, the components, i.e., power plants, airframes, stabiliza- 
ion systems, ete., are either available or under development 
n conjunction with the nation’s guided-missile effort. Fur- 
hermore, the country now has nine years of experience in 
he techniques of instrumenting high-altitude sounding rock- 
ts, which techniques would have application to the earth 
atellite. 

Why study utility? Although many claims have been 
nade for the utility of a satellite vehicle and many uses 
ave been proposed, the subject has not been thoroughly in- 


‘The American Rocket Society is a professional engineering 
nd scientific organization devoted to the encouragement of 
esearch and development of jet and rocket propulsion devices 
nd their application to problems of transportation and com- 
uinication. It is actively concerned with various technical 
spects of space flight, and at the present time is also interested 
n militaryapplications of the reaction principle. 
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vestigated by a responsible organization and, at present, 
does not rest upon a firm foundation. On the other hand, 
enough is known about possible useful purposes so that most 
cases are readily amenable to study, and, if such a study were 
made, reasonably positive conclusions could be drawn. 
Because of recent advances in guided missiles, the cost of pro- 
ducing a small, unmanned satellite is probably not the mam- 
moth sum that was at one time considered necessary. 
Nevertheless, the creation of even a small satellite is still a 
major undertaking and will require a sizable amount of money. 
It is important that there be justification for the expenditure 
of this money. The Society feels that to create a satellite 
merely for the purpose of saying it has been done would not 
justify the cost. Rather, the satellite should serve useful 
purposes—purposes which can command the respect of the 
officials who sponsor it, the scientists and engineers who pro- 
duce it, and the community who pays for it. The Society 
feels, therefore, that the study of utility is one of the most im- 
portant tasks to be accomplished prior to creation of a satel- 
lite. 

It was apparent to the Committee in its early deliberations 
that the subject of utility could not be entirely divorced from 
feasibility, and that some concept of feasibility would have to 
be assumed. This was done not to be restrictive, but to 
provide a frame of reference from which those considering 
utility could proceed. It was assumed that it would be 
feasible to establish a small payload in an orbit, the difficulty 
increasing with the size of the payload, and that means 
could be provided for communicating information from the 
satellite to the surface of the earth. With this concept in 
mind, various fields of utility were suggested as follows: 

Astronomy and Astrophysics. A satellite could over- 
come some of the limitations on observations made through 
the earth’s atmosphere. 

Biology. Of early importance would be the effects of 
outer space radiations on living cells. 

Communication. A satellite might provide a broad-band 
transoceanic communication link. A future possibility is 
that of obtaining continental coverage when the satellite is 
used as a relay station for radio or television broadcasts. 

Geodesy (including Navigation and Mapping). The size 
and shape of the earth, the intensity of its gravitational field, 
and other geodetic constants might be determined more 
accurately. Practical benefits to navigation at sea and map- 
ping over large distances would ensue. 

Geophysics (including Meteorology). The study of in- 
coming radiation and its effect upon the earth’s atmosphere 
might lead eventually to better methods of long-range weather 
prediction. 

Experiments Arising from Unusual Environment. The 
characteristics of the environment (weightlessness, high vac- 
uum, temperature extremes, etc.) will suggest experiments 
that could not be performed elsewhere. 

This list is by no means complete—it is probable that the 
study would reveal other fields of equal or greater utility. 

In order to provide a preliminary sampling of opinion, 
the committee asked a number of scientists (chosen at random 
from those known to Committee members) to give brief 
summaries of their opinions on the utility of an unmanned, 
satellite vehicle. These papers are presented as appendixes to 
this proposal and include the following: (A) “Astronomical 
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“Bio- 
logical Experimentation with an Unmanned Temporary 


Observation from a Satellite,’”’ by Ira 8. Bowen; (B) 


Satellite,” by Hermann J. Schaefer; (C) “The Satellite 
Vehicle and Physics of the Earth’s Upper Atmosphere,” 
by Homer E. Newell, Jr.; (D) “Comments Concerning Me- 
teorological Interests in an Orbiting, Unmanned Space Ve- 
hicle,” by Eugene Bollay; (E) “The Geodetic Significance of 
an Artificial Satellite,” by John O’Keefe; (F) “Orbital Radio 
Relays,” by John R. Pierce. 


Recommendation 


In view of the facts cited, it is proposed that the National 
Science Foundation sponsor a study of the utility of an arti- 
ficial, unmanned earth satellite. 

Anprew G. Ha.ey, President 
Mitton W. Rosesn, Chairman, 
Space Flight Committee 


CommitTrEE MemsBersHiP: Harry J. Archer; William J. Barr; 
B. L. Dorman; Andrew G. Haley; Kenneth H. Jacobs; Chester 
M. McCloskey; Keith K. McDaniel; William P. Munger; 
James R. Patton, Jr.; Richard W. Porter; Darrell C. Romick; 
Milton W. Rosen; Michael J. Samek; Howard S. Seifert; 
Willis Sprattling, Jr.; Kurt R. Stehling; and Ivan E. Tuhy. 


APPENDIX A 


Astronomical Observations from a 
Satellite IRA S. BOWEN 


Mount Wilson and Palomar Observatories 


HE following comments are an expansion of a conversa- 

tion held by H. 8. Seifert with Dr. Ira S. Bowen, Director 
of the Mount Wilson and Palomar Observatories. The ideas 
herein originated with Dr. Bowen and have been reviewed 
by him for accuracy. 

Astronomical observations through the Earth’s atmosphere 
are at present limited by three factors: (a) The resolution 
of detail is degraded at least tenfold by atmospheric turbu- 
lence (poor seeing). (6) Exposure time, and hence limiting 
star magnitude, is curtailed by fogging due to light scattered 
in the atmosphere. (c) Certain radiations, i.e., regions of the 
spectrum, are completely absorbed in the atmosphere. 
Thus, if optical equipment equivalent to that now available 
at the surface could be placed outside the atmosphere, much 
additional information in the form of planetary detail, new, 
remote, or faint objects, and short wave-length spectra would 
be obtained. This information would be of great interest 
and value to astronomers and to the sciences generally. The 
ideal situation would be to place the 200-in. telescope and its 
accessories on a firm platform such as the moon. 

Since optical equipment projected into an orbit on a man- 
made satellite will be riding on a small and relatively un- 
steady base, certain practical limits and difficulties will 
be found, as follows: 

Angular Resolution.. The best optical resolution which 
the atmosphere will permit, on days of optimum seeing, which 
occur only a few times yearly, is of the order of 1/4 to 1/2 sec of 
arc. The 200-in. telescope would permit a theoretical resolv- 
ing power of 0.025 sec of arc, and a 20-in. to 40-in. telescope 
would permit a resolving power of 0.25 to 0.125 sec of are, 
if free from atmospheric effects and geometric distortions. 
Thus in order to make use of the transparency of space and 
secure more detail than can be seen from the ground, an 
automatic satellite orienting and guiding system would be 
needed which was stable to an accuracy lying between 0.10 
and 0.01 sec of are. 

Limiting Magnitude. Because of night sky light scat- 
tered by the atmosphere, objects fainter than a certain limit- 
ing magnitude cannot be distinguished from the general 
background fog. In the case of the 200-in. telescope, ex- 
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posures longer than half an hour are, for this reason, not use- 
ful. In order to record objects of the same faintness, as 
can be done with the 200-in., a telescope of reasonable size 
for transport on a satellite, say 30 in.; would require an ex- 
posure time of 10 to 24 hours. Since the orbital period is of 
the order of 11/4 hours, of which less than half is spent in 
the Earth’s shadow, a mechanism would be required for shield- 
ing the telescope and camera during the sunlit periods while 
maintaining precise orientation. 

Short Wave-Length Spectra. By the use of sounding 
rockets equipped with sun-following servos, it has been pos- 
sible to photograph solar spectra down to 1200 A with low 
resolution. The long exposures required for high-resolution 
solar and stellar spectra in this wave-length region cannot be 
obtained during the few minutes or even seconds of high- 
altitude flight time typical of sounding rockets. Adequately 
high resolution could be obtained from a spectrograph using 
light collected with a 12-in. mirror for detailed spectra of 
the brighter stars, with exposures of several hours. Since 
the physical dimensions of the equipment are not large and 
the orientation tolerances are less strict than for telescopic 
images, a spectrograph would probably be simpler th:n a 
telescope to get into proper working order. 

Telemetering of Data. If one assumes that a photo- 
graphie plate cannot be recovered from a satellite, certain 
problems arise. Any data collected must be capable of being 
translated into a radio or optical signal and relayed to the 
ground. The photographic plate has the fundamental ad- 
vantage that photons are registered simultaneously in all 
resolvable parts of the spectrum or image. Thus shortening 
required exposure time. While electronic photon counters 
exist which equal or excel the sensitivity of the photographic 
plate, they can collect energy from only one part of the spec- 
trum or image at a time, thus increasing the required exposure 
time. 

A possible technique might be worked out in which plates 
are exposed and developed automatically (after the manner 
of the Polaroid-Land Camera), after which the fixed image 
could be scanned and transmitted sequentially when con- 
venient by a photo-electronic system. Thus the stored data 
might be held and relayed by a transponder activated from 
the Earth’s surface only when the satellite was within radio 
range of a particular ground station, thus eliminating the 
need for a dozen or more ground telemetering stations spaced 
around the equator. 


APPENDIX B 


Biological Experimentation with an 
Unmanned Temporary Satellite 
HERMANN J. SCHAEFER 


U. S. Naval School of Aviation Medicine 


F HUMANS are to fly in the regions at the upper end of and 
outside the atmosphere, an “artificial environment” 
has to be provided which maintains full of near sea-level 
values of the various physical conditions. Whereas this task 
can be handled, though with considerable technical expendi- 
ture, for most of the factors involved, two novel phenomena 
develop in vehicles moving outside the atmosphere which can- 
not be compensated very easily. These are the heavy com- 
ponents of the primary cosmic radiation and the state of 
weightlessness. The technical means of restoring normalcy 
with regard to these conditions, though theoretically available, 
imply, prohibitive measures with regard to weight and power. 
The only way out is to study the effects of both influences on 
the human organism with the aim in mind that a tolerance 
can be established which does not impose too severe limita- 
tions upon the flight of humans in extra-atmospheric regions. 
In the discussion of the usefulness of a small artificial satel- 
lite for the conquest of space, the question has been put 
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whether biological experiments could be performed in such a 
vehicle for gaining information as to the two afore-mentioned 
problems. The artificial satellite, in this discussion, is con- 
ceived as an unmanned and rather small vehicle which will 
stay in the orbit a limited time only, a few weeks at the most. 
A further limitation is that preferably all experiments are to 
be carried out by preset servomechanisms and telemetered 
recording. This would by-pass the complex and difficult 
task of recovery. 

It should be pointed out from the very beginning that the 
last-mentioned condition imposes serious restrictions on any 
biological cosmic-ray experimentation to the degree where it 
seems questionable whether useful experiments can be de- 
signed at all. Exposure to the heavy components of the 
primary cosmic radiation belongs to the category of so-called 
long-dosage long-term irradiations which are characterized 
by slowly developing, initially inconspicuous, but insidious 
tissue damage. The peculiar feature about this exposure 
hazard is that a total ionization dosage which nominally re- 
mains well within the permissible limits of the official inter- 
national definition is actually administered in an extremely 
uneven distribution. As a consequence of it, a small number 
of cells of the exposed tissue receive ionization dosages up to 
10° times larger than the average total ionization dosage. 
It is already well established experimentally that such “heavy 
nuclei hits” produce severe local radiation injury in the cellu- 
lar structure of living tissue. No information, however, is 
available on how many of such hits can be administered to 
the mammalian organism before a general reaction, i.e., 
manifest radiation injury, develops. 

A conclusive answer to the latter question requires exposure 
of test animals over an extended period of time. Rocket or 
balloon flights are entirely inadequate for this purpose, the 
former because of the short duration, and the latter because 
of the too low altitude. The study of the radiation effects of 
the genuinely primary cosmic radiation in regions entirely 
outside the atmosphere, with exposure times of many days, 
isof fundamental value for both basic research in radiobiology 
and the development of high altitude flight. Experiments 
carried out in an artificial satellite would contribute greatly 
toward a solution of this problem and would be incomparably 
more effective than any balloon or rocket flight can ever be. 

There are a multitude of radiation effects on living tissue 
which lend themselves to experiments of the type under con- 
sideration. Local radiation injury from heavy nuclei hits 
nas been demonstrated recently very conspicuously in skin 
‘issue of mice. This reaction, however, requires that the 
inimals be recovered alive. Other reactions exist which are 
f similar sensitivity, but could be tested even if the animal 
vere killed while recovering it as long as the latter is not heav- 
ly disfigured or burned. An essential prerequisite for all 
hese reactions is a meticulous autoptic and microscopic ex- 
mination. That means that recovery of the animals is 
ndispensable. It is suggested, therefore, that the problem 
f recovery be included in the project from the onset if in- 
estigation of biological cosmic-ray effects is contemplated 
t all. 

The discussion of the biological effects of the primary cos- 
1ic radiation would be incomplete without mentioning a ques- 
ion which actually concerns the physicist. This question 
ertains to the fragmentary knowledge of the frequency 
nd the mass spectrum of super-heavy nuclei. Heretofore, 
on (Fe) was considered the heaviest regularly occurring 
omponent of the heavy spectrum. However, heavier nuclei 
ave been recorded on rare occasions, but no statistics have 
een established thus far with regard to frequency and mass 
ectrum. Recordings over extended periods of time in the 
ions clear of the atmosphere would rapidly accumulate 
ata on these giant nuclei. Such measurements, in contra- 
istinction to actual animal experimentation, could be carried 
it exclusively by telemetering. As a matter of fact, J. Van 
llen has already developed the tools for this type of measure- 
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ment. His pulse ionization chamber has proved a sensitive 
and reliable instrument for analyzing the heavy nuclei 
spectrum and has been repeatedly and successfully used for 
heavy nuclei recordings at extreme altitudes with rocket 
balloon tandems. A modification of his method for use 
in an artificial satellite should be comparatively easy. 

The other novel environmental condition to be encountered 
in orbital travel outside the atmosphere is weightlessness. 
Present-day knowledge as to its physiological effects is scarce. 
The state of weightlessness or, as it is also called, the gravity- 
free state, can be produced artificially in a freely falling ele- 
vator car, in the warheads of rockets in unpowered flights 
outside the atmosphere, and in the powered flights of high- 
speed aircraft by steering along a free trajectory. The rocket 
method is most effective and can produce the state of weight- 
lessness for a period of a few minutes. It cannot be used for 
humans at the present state of development. Second in 
effectiveness is the trajectory flight of high-speed aircraft. 
Its present limit stays ata longest duration of about 30 sec. 
It can and has been applied to humans. No physiological 
disturbances or incapacitating effects have been so far re- 
ported. The same statement holds for animal experiments 
with mice and monkeys in rockets. Considering the short 
exposure time of both vehicles, these findings cannot be con- 
sidered as conclusive evidence that such disturbances will 
not develop eventually 

In an animal capsule carried by an artificial satellite this 
problem could be more thoroughly studied and the success 
of the experiment would not necessarily depend upon the 
recovery of the animals. A few telemetering channels, 
reserved for relaying breath and pulse frequencies, would 
provide interesting information. Telemetering of the loco- 
motion of the animals could also be valuable. 

It must be admitted, of course, that the more severe effects 
of weightlessness of longer duration on humans are likely 
to develop along the psychophysiological line originating from 
disorientation. Animal experimentation, therefore, can be 
of limited value only, though some disorientation studies 
have been successfully performed with mice in a_ rocket 
flight. 

Evaluating the entire situation on a comparative basis, it 
must be said that the cosmic-ray problem certainly bears 
the higher practical importance as well as scientific interest. 
It should weigh heavily in any debate on the justification of 
the costs involved in a satellite project, and this all the more 
since it is closely related and can be combined with research 
problems concerning the pure physics of cosmic radiation on 
which paramount importance rests with regard to gaining 
knowledge of the nuclear forces. 


APPENDIX C 


The Satellite Vehicle and Physics of 
the Earth’s Upper Atmosphere 
HOMER E. NEWELL, JR. 
Naval Research Laboratory 


7 purpose of the present note is to consider the useful- 
ness of the satellite vehicle for scientific research and to 
point to a few important experiments which might be done 
with such a vehicle. 

The gas particles, ions, and radiations of the earth’s at- 
mosphere act, react, and interact to produce phenomena 
which are still not fully understood, such as the ionosphere, 
the aurora, and fluctuations in the earth’s magnetic field. 
In an effort to explain these things a host of researches have 
been undertaken throughout the past half century; and the 
effort continues to grow. 

Fundamental to the research of the atmosphere has been 
and is the question of energy. The complex and confusing 
happenings in the atmosphere are simply a manifestation of 
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an influx of energy from outer space. A detailed knowledge 
of the nature and magnitudes of the energies concerned would 
go a long way toward solving some of the important problems. 
But it is right here that the observer on the ground runs into 
basic difficulties. The incoming energy in which he has the 
greatest interest is that which is absorbed at high altitude. The 
experimenter is, therefore, prevented from observing it in 
its original form. This leaves many a theorist to speculate 
on one of the most important ingredients of his theory. 

A space station at sufficiently great altitude, say a thousand 
kilometers or more, would enable the physicist to monitor 
the energy influx into the earth’s atmosphere. A primary 
carrier of such energy would be electromagnetic radiation from 
the sun, measurements of which would be of as much interest 
to the solar physicist as to the geophysicist. Energy is also 
brought in by particles such as cosmic rays, meteors, and micro- 
meteorites. Because of their extremely high particle energies, 
the cosmic rays have an important place in current nuclear 
research. They produce a small but important ionization 
in the lower atmosphere, but probably have a negligible 
effect upon the upper atmosphere. Lower energy particles 
from the sun are believed to cause the aurora, and, in fact, 
protons have been observed moving downward in auroral 
displays. It also appears as though such particle radiations 
may play a significant part in the formation of the ionosphere, 
particularly the F-region. At the moment the question is 
wide open and is an important one. Finally, for the sake of 
completeness, perhaps one ought to mention stellar light, 
although to the upper-air physicist the corresponding energies 
are entirely negligible in comparison with those found in 
solar light. 

At the present time rockets are being devoted to an inten- 
sive study of the various radiations listed in the preceding 
paragraph. The rockets permit the experimenter not only 
to observe and measure the radiations, but also to determine 
the altitudes at which the different radiations have their 
effect. The rockets are, however, one-shot affairs, and fur- 
nish only a matter of minutes in which to observe. They 
are not convenient for making a large number of measurements 
over an extended period of time. It is here that the satellite 
would be of considerable value. Equipment carried in such 
a vehicle could be used to measure a specific radiation over 
long intervals of time. 

Arrays of geiger counters could be used to monitor the in- 
flux of cosmic rays. By using counters with varying amounts 
of material to be penetrated by the rays, it would be possible 
on the low energy side to count the particles in a number of 
low energy bands. These would perhaps be the simplest 
cosmic ray experiments to be done. With a little more com- 
plication, proportional counters and low efficiency geiger 
counters could be employed to determine the charges on the 
particles observed. If the satellite station were made to 
encircle the earth in a geomagnetic meridian plane, the earth’s 
magnetic field could be used as a rigidity spectrometer, just 
as is done now in balloon and rocket-borne experiments. 
By comparing observations made at different geomagnetic 
latitudes, the low energy end of the cosmic ray spectrum could 
be studied in detail. 

Counters with very thin windows could be used to study 
auroral particles, which are of several orders of magnitude 
lower energy than what are commonly termed cosmic rays. 
As a matter of fact, it may well be that incoming particles 
will be found to fill out a continuous spectrum of energies 
between the kilo-electron volts now associated with auroral 
particles and the billions of electron volts found in the cosmic 
rays. If so, it will be of considerable interest to observe and 
study these particles. 

Photon counters with various fillings and windows, and 
photomultiplier tubes, are now used in rockets to study dif- 
ferent bands of solar electromagnetic radiation from the visible 
wave lengths down into the x-ray regions. Present techniques 
would be adaptable to observations from a satellite station. 
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Such observations would permit a study of the fluctuations 
over extended periods of time in the different wave-length 
bands. These fluctuations are connected with solar activity 
and give rise to distinct effects in the earth’s atmosphere, 
Variations in the near ultraviolet, for example, cause changes 
in the distribution of ozone in the atmosphere and perhaps 
have an effect upon weather. Variations in the far ultra- 
violet and x-rays have a pronounced effect upon the iono- 
sphere, and much more data are required to understand these 
effects. 

The magnitude of the influence of meteors, especially of 
micrometeors, upon the earth’s atmosphere is not yet fully 
known. Of late there is some tendency to ascribe considera- 
ble significance to the role of the micrometeors in the ioni- 
zation of the higher ionospheric layers. At present, radar 
and radio techniques are the primary ones in the study of 
these particles, but methods are being worked out for rocket 
studies. For example, a very thin sheet of metal used «is a 
resistive element in a circuit would be one means of detecting 
micrometeors. The particle, upon striking the sheet, would 
produce a tiny puncture, giving rise to a small but observable 
pulse. Such a sheet could be used similarly as one plate of 
a condenser. These rocket techniques, when developed, 
could also be used in a satellite observatory. 

The foregoing experiments are of interest to the upper-air 
and solar physicist. It seems clear that known techniques, 
such as those suggested, could be used to carry out the various 
experiments. Familiar telemetering methods, such as tliose 
now used in rocket studies, could be adapted. But, there 
will be, of course, peculiar experimental] difficulties to over- 
come. A number of these difficulties are already quite plain, 
although there may be some that are not now apparent. 

One of the foremost problems is that of power. It has 
already been pointed out that a chief advantage of a satellite 
platform would be the possibility of making continuing ob- 
servations over long periods of time, such as throughout a 
given year. The longer the period which could be covered 
the more satisfying would be the experiment. But to make 
the various measurements would require energy, which, 
presumably, would be stored in batteries. Associated with 
each 50 watt-hours of such stored energy would be something 
like one pound of battery mass. Including the operation 
of transmitting measured data, the satellite experiment 
would probably use energy at the rate of at least 20 watts. 
Assuming that the mass limitations in an early satellite ve- 
hicle would be on the order of 100 Ib, this would preclude con- 
tinuous operation over anything even approaching a year. 
To surmount this obstacle one would probably resort to 
periodic operation, to low current components like transistors, 
and to the use of the sun’s light for the recharging of batteries. 
In this last connection, one may note the recent announce- 
ment by the Bell Telephone Laboratories of a solar device, 
consisting of thin silicon strips with an even thinner covering 
of boron, which could produce about 50 watts per square 
yard of exposed surface. The equipment could be turned 
on and off periodically by some low power timing device, 
or by radio means from a ground recording,station. The 
latter method might be the preferable one, since it would 
permit turning on the equipment whenever ground-based 
observations showed the existence of unusual solar, iono- 
spheric, or cosmic ray activity. 

A second problem would be that of temperature. If the 
satellite were to present the same side always toward the sun, 
that side would become intolerably hot. By having that sta- 
tion rotate, however, enough of the energy absorbed at any 
spot on the satellite’s surface could be reradiated into outer 
space to keep the temperature of the station and its equip- 
ment at an admissible level. This procedure would, however, 
introduce some difficulties into the basic experiment. Some 
omnidirectional arrangement of sensing elements would be 
required in order to make the experiment independent of the 
station’s orientation. For the high energy cosmic ray ex- 
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periments, this could be done with crossed counters. In the 
case of low energy particles and solar ultraviolet light and 
xrays, requiring counters with special windows, banks of 
counters might be the answer. A number of counters con- 
nected in parallel could encircle the satellite so as to present 
a window on every side. 

The weightlessness of everything in the satellite might 
present some vexing problems. Thus, gassing of the batteries 
ysed is no cause for concern on the earth, where the bubbles 
simply rise in the liquid and pass off harmlessly. But in a 
nonrotating satellite station, the gas bubbles would not rise. 
Remaining right where they form, they would cause the elec- 
trolyte to foam and fizz, like a bottle of soda. In a rotating 
stellite the centrifugal force field due to the station’s rota- 
tion might provide the answer to such problems as this. 

The satellite would be giving off gases continuously from 
the surfaces exposed to space. Also, in the near-vacuum sur- 
rounding the station, the metal structure of the satellite would 
evaporate slowly. Such effects would make it extremely 
difficult, if not impossible, to measure the original material 
content of the space in the neighborhood of the vehicle. 
Hence, although of great interest, such measurements are not 
suggested at the present time for a satellite experiment. 


APPENDIX D 


Comments Concerning Meteorological 
Interests in an Orbiting Unmanned 
Space Vehicle EUGENE BOLLAY 


North American Weather Consultants 


I VIEW of the fact that unmanned, orbiting space vehicles 
appear to be feasible with our present engineering know]- 
ge, it would seem appropriate to comment briefly on meas- 
ements one might desire to make of meteorological interest 
n space. 

Our present concepts in meteorology revolve largely around 
he solar balance and the resulting fluid dynamic conse- 
uences. Such consequences are produced by heating a 
aseous mixture, such as the earth’s atmosphere, unevenly 
nder various roughness conditions. A large scientific effort 
as been made in connection with these hydrodynamic con- 
erations, in contrast to studying the initiating impulse— 
he solar radiation phenomena. It would seem that a space- 
bserving platform would be ideally suited for collecting direct 
lar measurements as well as indirect solar relationships 
ich as magnetic storm activity, ete. 

Another item to analyze from a space station is a census of 
ieteoric dust. The recent correlation by Dr. Bowen in 
ustralia of meteoric dust and rainfall deserves rather in- 
nse and careful research. 

The saying that one does not see the forest because of the 
ees may be rather appropriate to this problem. On earth 
e are engulfed in numerous meteorological details which 
ask or have masked rather completely the initiating cir- 
imstances which may become evident from observations 

space. Connection of the theories of the General Circula- 
on of the Atmosphere to direct solar influences is still lack- 

g. Information from space may provide data for the solu- 
on of this challenging problem. 


APPENDIX E 


he Geodetic Significance of an 


rtificial Satellite JOHN O°’KEEFE, 
Army Map Service 


I Purpose and Scope 


HIS report is intended to indicate the extent of the useful- 
ness of a small artificial satellite, weighing only a few 
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pounds, in finding out more about the size and shape of the 
earth, the intensity of its gravitational field, and certain other 
related constants. 


II Illumination 


Most of the possible applications of the satellite would de- 
pend on detecting its presence either by visible light or by 
radar. The latter application falls outside the scope of the 
present paper, which would be chiefly concerned with the ap- 
plication of visible light. The first question is, then, how the 
satellite could be illuminated with sufficient brilliance to be 
observed. 


A Sunlight 


Assuming that the satellite were to consist of a hollow 
aluminum sphere, 8 ft in diameter, such as could be produced 
by inflating a foil, it would have a surface brightness some- 
what greater than that of the moon. The ratio of the total 
brightness would then be the ratio of the apparent surface 
area. At a distance of 250 miles, an 8-ft sphere would havea sur- 
face area of 1.1 X 107" square radians. The moon has a 
surface area of 1.31 X 10~‘ square radians or 1.2 X 10’ times 
as great. The full moon is of —12 magnitude; the above ratio 
in brightness corresponds to approximately 17.7 magnitudes. 
The higher reflectivity of aluminum as compared with lunar 
surface is compensated for by the fact that the moon has been 
taken as full while the satellite will be in a partial phase. 
Thus the object would have a brilliance of a star of magnitude 
5.7, barely visible to the naked eye at night in a clear sky. It 
would not be visible by day even with a large telescope. 
Also, it would not be visible even in a large telescope when in 
the shadow of the earth, since its surface brightness would 
then be less than that of the fully eclipsed moon. It would be 
visible only between the end of twilight and the time when it 
passed into the earth’s shadow. The end of astronomical 
twilight would almost coincide with the entrance into the 
earth’s shadow; the interval might be as little as 15°. From 
the end of nautical twilight to the entrance into the earth’s 
shadow there would be an interval of about 2". The interval] 
could be very considerably increased by setting up an orbit 
which would parallel the line between night and day over the 
earth. 


Intrinsic Illumination 


1. Evidently the illumination could be somewhat pro- 
longed by making use of a fluorescent coating which could 
store up solar radiation, and so continue to shine for some 
time after the sun’s light was cut off. This process would not 
give any more light than direct illumination; but it might 
produce a longer storage. 

2. There is also the possibility of radiant paint. The order 
of brightness to be expected here is perhaps less than for a 
fluorescent coating, and considerably less than that for direct 
illumination. 

3. No method of installing a lamp appears to be promising, 
from the point of view of fuel required to maintain the lamp 
for more than a few hours. 


C Illumination of a Retrodirective Reflector by a Search- 
light 

1. There exist some 60-in. searchlights, which yield 800,- 

000,000 candles on the axis. At 250 miles, or 400 kilometers, 
this corresponds to 
8 108 

(4 105)? 

2. During World War II, the army developed some glass 

trihedral reflectors. These have the property of returning light 


over the same path as that along which the light came to them, 
with a spread of about 12 in. The effective area of the ordi- 
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= 0.5 X 10-? lumens/(meter)? 


nary trihedral reflectors is such that one would receive about 
2.5 X 10~* lumens, and throw it back in a solid angle of ap- 
proximately 1.16 X 10~* square radians, thus yielding 2.16 
10* candles on the axis of the returning beam, or, on the 
ground: 
2.16 X 10° 
(4 X 105) 


According to the fundamental measurements of Fabry, a first- 
magnitude star yields 8.3 X 10-7 lumens/sq meter; hence 
we should require ten searchlights and six trihedral reflectors 
to arrive at this amount. To take care of the various aspects 
of the missile, it might be best to have 72 trihedral reflectors 
distributed six each on the faces of a regular dodecahedron in 
order to have adequate returned light in all aspects. There 
would be a loss of one to three magnitudes from atmospheric 
absorption in each direction, depending upon the altitude; 
thus the satellite would appear as an object between the third 
and seventh magnitudes. 


= 1.35 X 10-* lumens/sq meter 


III Conclusions on Observability 


Balancing the disadvantages of irregular motion against 
the advantages of approximately known position and speed, 
it appears likely that objects of the 14th magnitude could be 
observed. On the other hand, we have seen that an object 
of the 4th magnitude could be produced; there is thus a 
margin of 10 magnitudes, or a safety factor of 10,000. If the 
satellite is imagined to be at 1000 miles instead of 250 miles, 
the brightness is reduced by a factor of 44 or 256; there is still 
a safety factor of 40. However, since the searchlights will 
cause the sky to appear very bright in the direction in which 
they are pointed, this margin of safety may turn out to be in- 
sufficient. We conclude that at 250 miles the satellite should 
be an easy object; at 1000 miles it may be a difficult object. 


IV Applications 


In studying the applications to geodesy of such a satellite, 
it will undoubtedly be necessary to proceed by successive ap- 
proximations, since the geodetic data now available are not 
adequate to permit the calculation of an accurate orbit. For 
example, it is believed that the present values for the latitudes 
and longitudes of points in Europe may be inconsistent with 
the American system of latitudes and longitudes by several 
hundred feet. For an object at a distance of 500 miles, this 
would imply discrepancies of the order of one minute of arc 
between European and American observations, under certain 
circumstances. Again, the International figure of the earth 
may be in error by as much as one part in 20,000; this would 
lead to a discrepancy of 10 sec per revolution between the 
position calculated from observations of the linear speed and 
the actual position; fora 2-hr orbit this would amount to 2 min 
per day. The problem is thus actually a problem of an over- 
whelming flood of basic information. It follows that it would 
be difficult to solve for one element at a time; it is necessary 
to solve simultaneously for several different elements. The 
following attempt to sort out the results does not correspond, 
therefore, to the chronological order in which results would be 
obtained, except roughly. 


A Determination of Relative Positions Between Con- 
tinents 


1 Simultaneous observations on a satellite missile from 
two independent triangulation systems would seem to fix their 
relative positions by a modification of the method now being 
employed for flare triangulation. A missile at a height of 1000 
miles would be easily visible from points 2000 miles away. If 
the missile were set to follow a track around the earth’s equa- 
tor, the countries in which it would be easily visible would be 
chiefly those between latitude 30° North and latitude 30° 
South. In the case of a missile fired at some angle to the equa- 
tor, this difficulty would disappear; on the other hand, there 
would be a problem of keeping track of the missile. 
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2 Assuming an angular accuracy of 5 sec in position, anda 
precision of 0°.01 in the timing, the accuracy of positioning 
between independent continental systems would be of the 
order of 125 ft in each coordinate. Thus it is evident that a 
correction through a missile would be advantageous. 


B_ Calculation of g 


From observations on the satellite made from a single 
country, it should be possible to obtain the absolute value of 
the acceleration of gravity, averaged over a large extent of 
terrain. Ordinary pendulum gravity measurements do not 
give absolute values of gravity; instead, the pendulum or the 
gravity meter is brought to a standard point whose gravity is 
assumed; and comparisons are made by differential methods. 
From a freely moving missile, on the other hand, the accelera- 
tion of gravity could be directly measured in absolute terms. 
Best of all, the gravity so measured would represent the 
average value over a considerable area. At present, such a 
value, which is required for large-scale geodetic studies, is 
attainable only by laboriously measuring the values at many 
points, and then averaging; even when this has been done, 
there is a danger that the mountainous areas are under- 
represented, so that systematic errors are created. 


C Calculation of the Earth’s Semimajor Axis a 


It appears to be possible to calculate the earth’s semimajor 
axis from considerations relating to the earth’s linear surface 
velocity. It may at first sight seem surprising that it is not 
possible to state with extreme accuracy the speed with which 
we move around the earth’s axis. The angular speed is, of 
course, very well known. By definition, the earth turns on its 
axis one full revolution in one sidereal day. The speed of the 
observer in meters per second due to this rotation could be 
calculated with great precision if we knew exactly how far he 
is from the earth’s axis. This quantity, however, depends on 
the earth’s semimajor axis a and its flattening f. Of these, f is 
known with a precision which is adequate for the purpose 
under discussion; the chief uncertainty arises from the value 
of a. 


Conclusions 


It appears that the setting up of a satellite capable of being 
observed by theodolites and the like is an engineering possibil- 
ity and that it would yield results of high geodetic value. If 
it could be accurately observed, most of the principal prob- 
lems of geodesy could be attacked successfully. 


APPENDIX F 
Orbital Radio Relays JOHN R. PIERCE 


1 Introduction 


LLOWING the announcement last year that the American 
Telephone and Telegraph Company and the British Post 
Office have jointly undertaken the construction of a 36-channel 
two-way submarine telephone cable across the Atlantic at a 
cost of 35 million dollars, it is natural, at least‘for a person who 
is a complete amateur in such matters, to speculate about 
further developments in trans-oceanic communication, even 
into the far future. 

Would a channel 30 times as wide, which would accommo- 
date 1080 phone conversations or one television signal, be 
worth 30 X 35 million dollars—that is, a billion dollars? Will 
someone spend this much trying to make a broad-band chan- 
nel to Europe? The idea is of course absurd. At the 
present, there is no commercial demand which would justify 
such a channel. By the time there is, surely some technical 
solution to the problem will be sought which does not involve 
multiplying the cost of the present cable in proportion to the 
bandwidth. . 

It is conceivable that such a solution could come about 
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through further development in the field of cables; but a very 
difficult step must be taken to multiply the channel capacity 
by 30 or more. In the meantime, other means for obtaining a 
broad-band channel to Europe have been considered, in- 
cluding routes largely across land rather than across water. 

A route from Labrador or Baffin Island to Greenland, 
around the coast of Greenland, thence to Iceland and via the 
Faroe Islands to Scotland traverses much nasty country by 
land and still leaves gaps of several hundred miles by sea. 
These gaps might conceivably be spanned by radio, using very 
high power. Perhaps it may be possible to make undersea 
television cables which would span gaps of a few hundred 

miles before such cables can be made to span thousands of 
miles. Even granting the success of a difficult radio link or a 
broad-band cable, both terrain and climate make this in- 
direct route difficult and unappealing. 

A route from Alaska across the Bering Strait to Siberia, 
and thence overland to Europe is conceivable, but it is difficult 
and indirect and it has other disadvantages which need not be 
mentioned. 

Radio relay along a continual chain of planes crossing the 
Atlantic has been proposed. While this is certainly tech- 
nically feasible, in good weather at least, it seems strange either 
as a long-range or a short-range solution. 

Another “solution” has been proposed to the problem of 
trans-oceanic communication; that is, relaying by means of a 
satellite revolving about the earth above the atmosphere. I 
do not believe that many engineers doubt that it will eventu- 
ally be possible to put a satellite up and into place, nor to 
supply it with small amounts of power for long periods and to 
exercise some sort of radio control over it. However, there is 
no unclassified information to tell us how long it will be be- 
fore we could put up a satellite or what it might cost to do so, 
and there may not even be classified information on the sub- 
ject. Thus, while I am here considering some aspects of 
trans-oceanic communication via a satellite, I have nothing at 
all to say about the over-all feasibility of such communication, 
which must depend on the feasibility of the satellite itself. 

Fortunately, there is a good deal else to be said about the 
matter. For instance, I have spoken of trans-oceanic com- 
munication only, and I have a reason for this. We now have 
trans-continental television circuits. The announced cost of 
the American Telephone and Telegraph Company’s trans- 
continental TD2 microwave system was 40 million dollars. 
This is only 5 million dollars more than the 35 million for the 
36-channel transatlantic cable; and yet the TD2 system pro- 
vides a number of television channels in both directions, as 
well as many telephone channels. Perhaps even more im- 
portant in an overland system, it provides facilities for 
lropping and adding channels along the route. Without such 
lexibility, an overland system would be almost useless. 

Some types of satellite relay systems would provide 
ommunication only between selected points. These would 
ack the flexibility required for overland service. Further, 
here is little reason to believe that a satellite relay could 
ompete with present microwave radio relay or coaxial cable 
n cost. Present facilities are very satisfactory, so that there 
s little incentive to replace them with some difficult alterna- 
ive system, even if it could do the same job. Thus, satellite 
aio relay seems attractive only for spanning oceans. 

Two different sorts of satellite radio repeaters suggest 
hemselves. One consists of enough spheres in relatively near 
rbits so that one of them is always in sight at the trans- 
iitting and receiving locations. The sphere isotropically 
satters the transmitted signal, so one has merely to point the 
ransmitter and receiver antennas at it to complete the 
ath. Another system uses a plane mirror or an active re- 
eater with a 24-hr orbital period, located directly above the 
juator at a radius of around 26,000 miles or an altitude of 
bout 22,000 miles. Such a satellite would be visible to within 
° of the poles, that is, in all inhabited latitudes. If it were 
ot for the perturbations of the orbit by the moon and the 
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sun, it could stay fixed relative to the surface of the earth, and 
large fixed antennas could be used on earth. However, it 
appears that perturbation of the orbit would be large enough 
to necessitate steerable antennas on earth and orientation of 
the satellite antennas or the reflector by remote control. 

“ven disregarding problems concerned with the making and 
placing of the satellites, would such satellite relay systems or 
any satellite relay system be feasible in other respects? To 
decide this we must consider two sorts of problems: problems 
of microwave communication, and problems lying in the field 
of celestial mechanics, concerned with the orbit and orienta- 
tion of a satellite. 

(In his full paper, to appear in a future issue of Jer Proput- 
sion, Dr. Pierce proceeds to develop mathematically the 
power requirements for several types of relays, and he 
analyzes briefly a few of the orientation and orbit problems.) 


2 Summary and Discussion 


The best we can do is try to state some sort of conclusions 
concerning the sorts of systems which have been described. 
To aid in this discussion, some of the data arrived at earlier 
have been summarized in Table 1. All of these are for a 5-me 
video channel provided by an 8-digit binary pulse code modu- 
lation system and a wave length of 10 cm. The diameter of 
the antennas on earth is assumed to be 250 ft. 


Table 1 
Path Orientation 
length Repeater Power on Repeater must be | 
| miles _ description earth output better than 
22,000 1000-ft 10 mega- 0 No orienta- 
sphere watts tion 
2,200 100-ft 100 kw 0 No orienta- 
sphere tion 
22,000 100-ft 50 kw 0 +18 miles 
mirror +0.047 
degree 
22,000 = 10-ft 100 watts 30mw +360 miles 
antennas +0.95 
degree 


The great advantages of the passive repeaters over active 
repeaters are potential channel capacity and flexibility. Once 
in place, passive repeaters could be used to provide an almost 
unlimited number of two-way channels between various points 
at various wave lengths. They would also allow for modifica- 
tions and improvements in the ground equipment without 
changes in the repeater. 

Spheres, which reflect isotropically, are the most flexible of 
passive repeaters, because they allow transmission between 
any two points in sight of them. Moreover, with spheres 
there is no problem of the angular orientation of the re- 
peaters. 

For a 24-hr “fixed” repeater and a 1000-ft sphere, the 
power required is 10 megawatts, and this seems excessive. 
However, suppose 10 spheres, each 100 ft in diam, circled the 
earth above the equator at a fairly low altitude. At low alti- 
tudes, one or more would always be in sight. The path length 
would be only about a tenth that for the 24-hr orbit,and the 
power required would be around 100 kw, which seems quite 
feasible. 

A plane mirror returns much more power than does a sphere 
of the same diameter. A 100-ft mirror at an altitude of 22,000 
miles would call for a transmitter power of about 20 kw, which 
again is by no means unreasonable. 

The great problem in connection with a plane mirror is that 
of position and orientation. If it werenotfor the perturbation 
caused by the moon and sun, the position and orientation of 
the mirror could be preserved automatically by a proper dis- 
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position of masses attached to the mirror and by the use of 
damping. 

However, as perturbations of position and orientation will 
be too large to be tolerated, the orientation of the mirror would 
have to be adjusted by moving masses through radio control. 
The power required would be small, perhaps less than that re- 
quired for an active repeater. The advantage of channel ca- 
pacity would be preserved. 

The plane mirror suffers a considerable limitation compared 
with the sphere, however. If it really hung fixed in the sky, it 
would provide communication between any point in sight of 
its face and another particular corresponding point. How- 
ever, because perturbation by the sun and moon will cause it 
to wander about in the sky so that the orientation of the 
mirror must be adjusted to maintain a path between two 
particular points, a plane mirror can actually be used only to 
provide channels (and a large number of channels on different 
frequencies) between two particular points. 

The chief disadvantage, then, of the passive repeater is that 
the power required on the ground is large—though probably 
attainable. 

The attractive feature of an active repeater is the small 
power required and the small antennas needed at the re- 
peater, as well as the small power required at the ground. 
The small antennas would have a comparatively small direc- 
tivity. This, coupled with the fact that for a given angular 
or positional shift, the beam from a radiator shifts only half as 
far as the beam from a reflector, makes the orientation prob- 
lem considerably easier in the case of an active repeater. 
However, there still is an orientation problem, in contrast to 
the case of a sphere used as a passive repeater. 

The chief disadvantage of the active repeater, aside from 
disadvantages of power supply and life, is that it provides 
only the number and sort of channels that are built into it. 
Once it is in place, its channel capacity cannot be substantially 
increased by anything done on the ground, although some 
gain might be made by an increase in transmitter power and 
receiver sensitivity and by a modification of the nature of the 
signal. 

In conclusion, one can say that, disregarding the feasibility 
of constructing and placing satellites, it seems reasonably 
possible to achieve broad-band trans-oceanic communication 
using satellite repeaters with any one of three general types 
of repeater: spheres at low altitudes, or a plane reflector or 
an active repeater in a 24-hr orbit (at an altitude of around 
22,000 miles). 

At this point, some information from astronomers about 
orbits and from rocket men about constructing and placing 
satellites would be decidedly welcome. 


One-Dimensional, Steady Flow With Mass Addition 


(Continued from page 66) 
Si (; + — (; +k (1-1 do 


The dependence of ¢ on 6 was determined from Equation 
[10] over the physically meaningful range of 6 from 0 to 1, 
using all combinations of the following values of y, n, and k’ 


y = 1.22, 1.24, 1.26, 1.28 


n = —2.0, —1.0, —0.5, 0.0, 0.2, 0.4, 0.5, 0.6, 0.7, 0.8 
k’ = 0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 


These calculations were done on an IBM 701 computer by the 
Mathematics Division at U. S. Naval Ordnance Test Station, 
and the values of f(6) and ¢ were tabulated at 6 = 0.0, 0.1, 
0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 1.0. 

The ranges of values of f(5) and ¢ obtained in the calcula- 
tions are indicated in Fig. 6, where the dependences of (65) 
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Fig. 6 Sample solutions of the mass addition equation showing 
the highest and lowest values of f(6) and gin the range of values 
of y, n, and k’ considered 


and ¢ on 6 are displayed for two combinations of 7, n, and k’ 
(these combinations being chosen to give the largest and the 
smallest values of f(6) and ¢ resulting from the range of 
values of y, n, and k’ selected). A complete tabulation will be 
supplied upon request to the author. 


Summary 


An earlier solution of the problem of channel flow with mass 
addition in terms of gas dynamic variables is combined with a 
mass addition mechanism based on a burning rate rule for 
solid propellants. The resulting three-parameter family of 
integral equations is solved for 280 combinations of the three 
parameters, using an IBM computer. Thesolutions allow the 
previously established relations among gas dynamic varia- 
bles to be related to the distance along the flow channel. 
The results are applicable for problems where the rate of mass 
addition along the channel is describable by the rule 


dm/dxz « r = Cy"(1 + ku) 


Sample computational data are presented. 
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Technical Notes 


On “Unstable Burning of Solid 
Propellants”™ 


SIN-I CHENG? 


Princeton University, Princeton, N. J. 


Introduction 


HE purpose of the present note is to clarify some funda- 
mental aspects of the theory of unstable combustion in 
slid propellant rockets (1)* and to emphasize several pre- 
cautions in making judicious comparison of the theoretical 
predictions with experimental results. The writer regrets 
that the discussion of Mr. Green (2) of the Aerojet-General 


Corporation of the writer’s theory created some confusion as- 


to the feasibility of the fundamental mechanism of exciting in- 
stability through his misinterpretation of the writer’s theory. 
However, he appreciates very much Mr. Green’s interest in 
offering additional important experimental information to test 
the theory. 


Mechanism of Self-Excitation 


In the study of the stability of the gas system in the combus- 
tion chamber, it is “the variation of the rate of burned gas 
generation my» (t)* (mass source)”’ which has direct relation 
with the excitation of unstable oscillations, not the burning 
rate of the solid propellant m;(t). In the theory of H. Grad 
(3), mp(t) and m,(t — 7) are considered to be the same. But 
in the theory of the writer, as was clearly explained in the 
section, Mechanism of Self-Excitation, in Ref. (1), mp(t) is 
different from m,(t — 7) in unsteady state because of the 
“condensation and rarefaction’ or the “accumulation and 
diminution” of the intermediate gases as a result of the dif- 
ferent extent of sensitivity of the reaction rates in the gaseous 
phase and that in the solid phase. Thus two indices of inter- 
action m and n are introduced to represent, respectively, the 
extent of interaction of the rate of the gaseous phase reactions 
and that of the rate of the solid phase reactions with chamber 
oscillations. Analysis indicates that for over-all stability 
considerations, the important interaction index is a simple 
combination of m and n; that is, S = m — n/2 as m is ex- 
pected to be larger than n/2 in a practical situation. For 
propellants of “plateau” burning behavior operating at a 
high pressure, say above 1000 psia, as mentioned by Green in 
connection with the experiments of Smith and Sprenger (4) 
and other experiments conducted later at Aerojet-General 
Corporation, we have n = 0, accepting the rough approxi- 
mation of taking the steady-state burning rate index for n. 

Under such circumstances the excitation advanced by 
Grad disappears completely, and yet, as pointed out by 
L. Green, instability has been demonstrated. The theory of 
Grad apparently missed an important feature of the mechanism 
of excitation and is therefore inadequate. However, under 
the theory of the writer with n = 0 for solid propellants of 
plateau burning behavior, the over-all interaction index is S = 
m; that is, the sensitivity of the rates of the vapor phase 
reactions to chamber oscillations plays its full role in exciting 
instability. No difficulty is encountered in explaining in- 
stability according to the writer’s theory when the burning 
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rate of the solid phase is constant. The sensitivity of the 
vapor phase reactions to chamber oscillations is the impor- 
tant feature of the excitation mechanism which is missed by 
Grad in formulating his theory and is overlooked by 
Green in his discussion of the theory of the writer. 

It should also be noted that the interaction index m does not 
represent only the pressure dependence of the gaseous phase 
burning rate, but its dependence on many rate affecting fac- 
tors, the most important of which are pressure and temperature 
of the surrounding gas. It isonly for convenience to represent 
the composite effect in terms of pressure. Our knowledge as 
to the kinetics of combustion of solid propellants even in 
steady-state conditions is too little to permit a direct correla- 
tion of the variation of the rate of burned gas generation to 
individual physical factors that can be directly determined by 
experiments. The high-frequency transient conditions fur- 
ther add to the experimental difficulties. The writer agrees 
with Geckler (5) that such would be the most desirable. 
However, the writer would not, for the time being, consider 
the chemical kinetic part of the problem in correlating the in- 
teraction index to directly measurable quantities, and is in- 
terested only in the question of how the variation of the over- 
all rate of burned gas generation can selectively amplify cer- 
tain frequency components of the random noise in solid 
rockets. 

The over-all interaction index cannot be determined from 
direct measurement, but it can be obtained indirectly from 
measurements in carefully controlled experimental conditions. 


Viscous Effects 


Green emphasized the viscous effects in the instability 
phenomenon in solid rockets. Viscosity enters into the 
analysis of the flow system in solid rockets in the following 
three aspects: 

1 Viscous Damping or Dissipation 

Viscous dissipation is definitely present in a flow system 
wherever there are velocity gradients, as in the flow regions 
next to solid boundary or in the mixing zone. But viscous 
dissipation effects are significant in oscillating flow analysis 
only when the amplitude of the oscillations reaches apprecia- 
ble magnitude; that is, when an unstable oscillation nearly 
reaches its fully developed state of finite magnitude. For os- 
cillations of small amplitude considered in the linear sta- 
bility analysis, viscous damping is unimportant and can be 
neglected as a higher-order small quantity, especially when 
compared to the damping action of the outflow through the 
critical nozzle. Even for oscillations of large amplitude in 
solid rockets, there are several other nonlinear damping 
agents. The writer is not sure whether viscous damping is 
the only important one. 


2 Viscous Action in Creating Aerodynamic Noise 


Aerodynamic noise of random character can be generated 
through viscous action, as is well known for the laminar- 
turbulent transition of boundary layer and wake flow. It 
should, however, be noted that there are random noises in the 
combustion chamber other than of aerodynamic origin such 
as the heterogeneity of the solid propellant itself. The 
“widely held view that the flow at the aft end of the grain acts 
as a source of aerodynamic noise which in turn excites the 
combustion oscillations” needs clarification. In the first 
place, it is not clear why the aerodynamic random noise at the 
aft end of the grain should be particularly emphasized over 
the rest. In the second place, it cannot be taken for granted 


iprror’s Nore: This section of Jer PROPULSION is open to short manuscripts describing new developments or offering comments on 
apers previously published. Such manuscripts are published without editorial review, usually within two months of the date of receipt. 
tequirements as to style are the same as for regular contributions (see first page of this issue). 


‘EBRUARY 1955 


79 


It is the answer 
to this very question—“how can certain frequency compo- 
nents of the random noise be selectively amplified to large 
magnitude in the combustion chamber’’—that the stability 
theory is looking for. 


that noise excites combustion oscillations. 


3 Oscillations of Definite Frequency Can Be Created by 
Viscous Effects 


A well-known example of this type is the von Kérman vortex 
street in the wake of solid bodies. Since the magnitude of 
the periodic shedding of the vortices is of relatively large 
magnitude as compared to other aerodynamic noise, it may 
absorb energy from combustion through some distinct mecha- 
nism of nonlinear nature. Thus, unstable oscillations of 
frequencies in the vicinity of the frequency of the von Kar- 
man vortex shed from some solid body in the flow passage may 
result. The frequency of the unstable oscillations of this origin, 
however, seems to be too small as compared with that of the 
fundamental spiral mode in solid rockets. High-frequency 
oscillations can, of course, be generated by the vortex street 
through nonlinear coupling action, but they are of considera- 
bly smaller magnitude than that of the vortex street and are 
therefore not distinct as compared to other aerodynamic 
noise. 


Comparison with Experiment 


The writer regrets that the following statements have not 
been properly emphasized in Ref. (1). 

1 The theoretical treatment of the writer is concerned 
only with the linear-type instability which develops spon- 
taneously in a solid rocket that has already been started 
smoothly or was operating under steady conditions. The 
instability following a hard start or an external shock dis- 
turbance is of nonlinear character to begin with, and is dis- 
tinctly not the kind of unstable oscillation considered in the 
analysis. 

2 The theoretical analysis based upon the postulated 
mechanism of excitation leads only to unstable oscillations 
whose frequencies are closely associated with the acoustic 
oscillations in the cylindrical and the annular burning cavity. 
The theoretical results of (1) obviously do not apply to un- 
stable oscillations, if any, which cannot be so identified. 

3 The qualitative stability trend is understood to be 
valid only between corresponding rockets which are otherwise 
identical except the parameter whose effect is being investi- 
gated. Thus, care must be taken to make sure that the parame- 
ters other than the one being considered remain the same in 
rockets under comparison. Those parameters having large 
influence on the stability of the system, such as the type and 
the effective length of the nozzle, the length-to-radius ratio of 
burning cavity, the type of the propellant, and its operating 
chamber pressure, should be especially watched. 

4 Unstable oscillation in a solid rocket can occur only 
when the sensitive time lag of the propellant lies in certain 
unstable ranges. Since the outside radius of the burning 
cavity increases with time of operation, the dimensional un- 
stable range of the time lag increases while the time lag of the 
propellant at the given operating chamber pressure remains 
unchanged. This fact results in a complicated state of affairs 
in that unstable oscillations can appear in a smoothly operat- 
ing rocket, grow to large magnitude and then die out, and 
may even appear over again later, especially in a rocket which 
destabilizes itself in the course of operation like a solid rocket 
of tubular charge. The automatic destabilizing tendency of 
increasing Mmin in the course of operation and the varying 
unstable range of the dimensional time lag considerably com- 
plicate the picture of how large amplitude unstable oscillations 
can be observed in a solid rocket. 

With a view to these factors, the writer hesitates to make 
any statements either to confirm or to deny the few contested 
predictions unless knowledge of the configurations of the tests 
are made available. It may turn out from judicious compari- 


80 


son that some prediction may not be valid in general. This 
cannot, however, be regarded primarily as a deficiency of the 
mechanism of self-excitation, but rather of other approxima- 
tions introduced in the analysis. The contested predictions 
are, after all, relatively few and, as has been pointed out in 
(1), the approximation of replacing the three-dimensional 
vector specific admittance ratio by a scalar axial specific 
admittance ratio of an equivalent nozzle at the exit of the 
burning cavity is rather uncertain. This approximation may 
be poor under certain conditions and result in erroneous con- 
clusion. This question could of course be resolved if the 
specific admittance ratio of a subsonic jet through a supercriti- 
cal nozzle had been determined. However, without any defi- 
nite indication of the necessity of making such an analysis, 
the writer hesitates to undertake this major analytical work 
which requires a large amount of high-speed computational 
help. 
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Closure by L. Green, Jr. 


HE writer regrets that his remarks seem to have created 

some confusion regarding the mechanism of unstable 
burning in solid-propellant rockets formulated by Mr. Cheng. 
It is hoped that an experiment capable of testing Mr. Cheng’s 
conclusions regarding the gas-phase reaction can be designed. 
However, the writer fails to see how the exaggerated propel- 
lant burning rates and high chamber pressures characteristic 
of unstable operation of solid-propellant motors can be realized 
unless the rate of the solid-phase reaction is variable. It has 
been suggested that, in the absence of a pressure dependence, 
the necessary variation can be provided by the effect of an 
oscillatory, tangential component of gas velocity in promoting 
the rate of heat transfer to the surface of the burning solid. 
The writer favors this belief, but feels that elaboration of this 
viewpoint is not germane to the present discussion. He must 
remark, however, that the pioneering work of Grad should not 
be criticized for considering only the pressure dependence of 
burning rate, since the propellants employed at the time of 
Grad’s study showed high pressure exponents. 

Mr. Cheng correctly observes that viscous dissipation in 
oscillatory fluid motion becomes important only at high ampli- 
tudes. The writer, however, was primarily concerned with 
viscous effects in the steady, longitudinal flow along an inert 
boundary, where vorticity generated by fluid*shearing action, 
upon diffusing out into the channel, might act to dissipate 
acoustic waves. In regard to secondary viscosity effects, it is 
known that distinct high-frequency tones can be generated by 
the flow of air through a simulated motor chamber, and it is 
presumed that a similar situation may obtain in actual rocket 
motor operation. Whether or not such tones can excite or 
partially sustain combustion vibrations is at present obviously 
a matter of conjecture, and the possibility was mentioned in 
that spirit. 


Closure by Sin-I Cheng 


AS a concluding remark to the mechanism of unstable 
burning in solid-propellant rockets, the writer would like 
to emphasize again the important concept of the incipient in- 
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stability prior to the occurrence of the fully developed, large 
amplitude oscillations as has been explained in my original 
paper. During the initial stage of rapid amplification, the 
energy required is proportional to the square of the amplitude 
of the perturbation, which is a higher order small quantity. 
In the case where the solid phase burning rate is constant (n = 
0), this energy is drawn from the rapid consumption of the 
accumulated intermediate gaseous products of primary de- 
composition. The writer has emphasized previously that the 
velocity mechanism, in addition to other mechanisms, plays 
an important role in increasing the solid phase burning rate 
which is essential in supplying the large amount of energy 
required for amplifying oscillations or for sustaining fully 
developed oscillations of large magnitudes, but does not seem 
essential in the initial stage where all perturbations are small 
and the energy requirement is a higher-order small quantity. 


Structure of Flames from Ammonium 
Perchlorate Propellant 


R. W. LAWRENCE! and A. O. DEKKER? 


Aerojet-General Corporation, Azusa, Calif. 


HIS note describes and discusses measurements made of 

the heights of flames obtained from a solid propellant 
consisting of ammonium perchlorate in a polymeric binder. 
Carbon black was added to the propellant in order to prevent 
the intense light emitted by the flame from obscuring the posi- 
tion of the burning surface. Samples burned in the Craw- 
ford bomb and window bomb showed that the presence of the 
carbon black changes only slightly the burning rate and does 
not affect the flame height of the propellant. Propellant 
wafers 1 em square and 1.065 +0.02 mm thick were cut with a 
microtome. The wafers were restricted with a dip-coating of 
Krylon lacquer, and then mounted in a window bomb with 
the ignition wire resting on a freshly cut edge. The bomb 
was pressurized with nitrogen, and motion pictures (16 mm) 
were taken at a nominal rate of 64 frames/sec through a micro- 
scope with a 32-mm objective and a 9X eyepiece on Eastman 
Super XX film. The actual speed, obtained by photograph- 
ing a clock driven by a synchronous motor, was found to be 
57 to 59 frames/sec. 

The propellant flame is very brilliant except at pressures 
neir atmospheric. At 1800 psig the base of the flame appears 
to rest directly on the propellant burning surface, with the 
upper outline presenting a sawtooth appearance. Filaments 
extending upward a short distance appear silhouetted against 
this bright flame. Some of these filaments are ring-shaped and 
the holes in the rings appear to be areas where the oxidizer has 
burned from the fuel matrix. It is not known whether this 
matrix extends across the burning surface or whether it is the 
cooler edge of the propellant. At one atmosphere nitrogen 
pressure the flame is not as brilliant and its structure is more 
discernible. As shown in Fig. 1, the flame is not luminous 
near the surface, but becomes luminous about 0.1 mm above 
the surface. 

Measurements of flame height were made by projecting the 
film on a screen and tracing the outline of the flame and 
burning surface. The average flame heights measured in 
these drawings are shown in Table 1. Because of the ser- 
rated edge of the flame, the measurements of flame height are 
not of high precision. These values are very large in com- 
parison with the weight-median particle size of the oxidizer 
which is approximately 0.1 mm. 

A theoretical calculation of flame height has been consid- 


Received December 20, 1954. 

1 Development Chemist, Chemical Department. 

2 Principal Chemist, Chemical Department. 

3’ Numbers in parentheses indicate References at end of paper. 
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Table 1 Average Flame Heights for Ammonium Per- | 
chlorate Propellant at 77° F | 
| 


Burning rate, 
Pressure, in. sec~!, measured in Flame height, 

psia window bomb mm | 
215 0.13 5.1+0.3 
415 0.20 2.9 

615 0.26 2.5 

815 0.30 2.2 

1015 0.29 2.9 

1215 0.36 2.9 

1415 0.37 2.5 

1815 0 26 21 


ered. However, a direct analysis involving the effects of 
diffusion and chemical reaction rate, as proposed by Hirsch- 
felder and Curtiss (1),* is not possible at present. Data of 
the species present in the gases evolved from the oxidizer 
and fuel are required, as well as data concerning the reaction 
rates between pairs of species. Consideration was also given 
to the possibility of calculating the flame height on the assump- 
tion that diffusion alone controlled the burning rate. Suc- 
cess has been achieved by Burke and Schumann (2) and 
others (3, 4) in predicting the heights of diffusion flames in 
gaseous combustion. Upon application of the Burke and 
Schumann method to ammonium perchlorate propellant, the 
calculated flame heights differed by several orders of magni- 
tude for various species which were assumed to be present in 
the oxidizer and fuel gases. Diffusion could account for the 
observed flame heights if it is assumed that the fuel gas con- 
tains carbon or some other solid; but a slow reaction between 
the gases from oxidizer and fuel could also account for the 
measured heights. Thus, no conclusion could be drawn as to 
whether diffusion or the chemical reactions were rate-deter- 
mining. Correlation of experiment with theory must await 
determination of the substances present in the oxidizer and 
fuel gases. 
References 

1 “The Theory of Flame Propagation,” by J. O. Hirschfelder 
and C. F. Curtiss, Journal of Chemical Physics, vol. 17, 1949, 
1076-1081. 

2 “Diffusion Flames,” 8. P. Burke and T. E. W. Schumann, 
Industrial and Engineering Chemistry, vol. 20, 1928, pp. 998-1009. 

3 Third Symposium on Combustion and Flame and Explosion 
Phenomena; Standing Committee on Combustion Symposia, 
Williams & Wilkins Co., Baltimore, Md., 1949. Article 30, 
“Diffusion in Laminar Flame Jets,’’ by C. H. Hottel and W. R. 
Hawthorne, p. 254. 

4 Ibid., Article 32, “Diffusion Flames,’’ by K. Wohl, C. 
Gazley, and N. Kapp, p. 288. 


Fig. 1 Burning surface of ammonium perchlorate propellant at 
1 atmosphere 
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Jet Propulsion News 


Alfred J. Zaehringer, American Rocket Company, Associate Editor 


Jet Aircraft 


WO high priority production items for 1955 are the Con- 

vair B-58 supersonic bomber and the Lockheed F-104 
lightweight supersonic fighter. In addition the Air Force is 
stepping up production of the B-52 jet bomber and the F-100 
fighter. Also, the Boeing KC-135 jet tanker (commonly 
known as the 707) is going into production. The Lockheed C- 
130 “Hercules” turboprop transport is now being produced 
at Marietta, Ga. The Air Force program is put at about $1.2 
billion. 

The Navy is spending nearly $700 million in 1955 for such 
aircraft as the F9F-9 Grumman Tiger supersonic carrier 
fighter, the AD-6 Skyraider, the twin-jet A3D Skywarrior, the 
A4D Skyhawk, and the F8U-1 Chance Vought carrier fighter. 

The Cessna XT-37 is the first intermediate jet trainer for 
the Air Force and has made its first test flight at Wichita, 
Kan. The craft is a lightweight, twin-jet trainer. 

A new version of the F7U-3 Cutlass carries five camera sta- 
tions and also 104 flash flares. 

Douglas Aircraft reports that it has already spent $3 mil- 
lion during the past 3 years on the DC-S8 jet liner. Cruising 
at about 550 mph, the wings are swept back 30 degrees. De- 
signed for long range, it is said to be as economical to operate 
as current piston aircraft. 

The Convair XFY-1 VTO “Pogo” delta wing plane recently 
made its first vertical take-off and landing. The entire flight 
time was 21 minutes. 

A new sister ship of the Bell X-1A rocket plane is the X-1B, 
which is now undergoing flight testing at Edwards AFB, 


AFTERBURNERS on Martin’s new XP6M-1 Seamaster flying 
boat are used for take-off. Powered by four Allison J-71 engines, 
the craft is the first multijet seaplane ever built. It is reported 
to have a speed of 600 mph and cruises above 40,000 ft. It is 
headed for Navy assignment and marks a very significant advance 
in seaplanes. 


Calif. Ground tests are under way on the Bell X-2 rocket 
plane with its 12,000-lb-thrust Curtiss-Wright throttleable 
rocket engine. 

The first flight of the Gnat, Folland Aircraft (Hamble, I‘ng- 
land) lightweight jet fighter is scheduled to take place in mid- 
1955. The tiny craft, with a span of 20 ft and a length of 28 
ft, grosses only 6000 lb. Power is produced by a Bristol 
Orpheus 4800-lb-thrust turbojet which enables a top speed of 
Mach 1.2. With a total endurance of 3 hr and a service ceiling 
of 57,000 ft, Gnat can carry cannon, bombs, rockets, or ai:-to- 
air missiles. 

First deliveries of the RB-57 USAF-Martin twin jet bon:ber 
have been made for use in Germany. The versatile craft 
grosses around 50,000 lb, has a range of more than 2000 mi, 
can climb to 45,000 ft, and has a flight speed over 500 knots, 


Jet Engines 


EW synthetic lubricants for jet engines are being de- 

veloped by Southwest Research Institute, San Antonio, 

Tex. The new lubricants, derivatives of phosphoric acid, are 
said to be able to withstand temperatures up to 500 F. 

The small J-44 turbojet engine which delivers 1000-lb 
thrust is being tested as an assist-take-off device for the C-82 
Packet transport. Successful tests have already been mide. 

Two ramjet engines by Hiller Helicopter Co., of Palo Alto, 
Calif., are in the news. Hiller has received the first CAA cer- 
tification of its 45-hp 8RJ2B engine for rotary wing aircraft. 
Meanwhile the ramjet-powered H-32 is undergoing Army 
evaluation tests. 

Marquardt Aircraft has developed a small ramjet engine to 
be used for auxiliary propulsion of helicopters. The re- 
tractable ramjet produces 40-lb thrust at a rotor tip speed of 
650 fps and weighs 4-5 lb. Dimensions are: 16 in. long, 2.4 in. 
thick, and 15 in. wide. 

A rocket and ramjet have been combined in a recent patent 
granted to the Swedish Bofors firm. A solid propellant charge 
is burned inside the ramjet with closed ramjet diffuser to pro- 
vide a velocity sufficient for the ramjet to take over. After 
the rocket charge is burned, the diffuser is opened and the 
ramjet begins operating. 


Facilities 


HE Air Force is building a research and development 

laboratory for nuclear propulsion. To be operated by 
Pratt & Whitney, the facility is expected to cost about $10 
million. Exact location has not yet been specified, but it was 
stated that it will be in the East Hartford, Conn., area. 

The Olin Mathieson Chemical Corp., which recently ac- 
quired rights to Reaction Motors, Inc., has-t#ow acquired a 
large interest in Marquardt Aircraft Co., Van Nuys, Calif. 

Three major aeronautical research centers have been es- 
tablished in West Germany. First to be organized is the 
Deutsche Versuchanstalt fiir Luftfahrt located at the Essen- 
Mulheim Airport. Director of the group is August W. Quick 
of the University of Aachen. At Braunschweig the Deutsche 
Forschung fiir Luftfahrt has been organized under the leader- 
ship of Otto Lutz. Eugen Saenger is heading up the new 
Forschungs Institut fiir Physik der Strahlantriebe at theStutt- 
gart Airport. Founded in July, the latter is to be concerned 
with the physics of reaction propulsion. 


EpitTor’s Note: 


ment of Defense, private manufacturers, universities, etc., and from published news accounts in journals and newspapers. 


The information reported in this Section has been selected from approved news releases originating with the Depart- 


The reports 


are considered generally reliable, although no attempt has been made to verify them in detail. 
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ARS News 


1955 
Officers 
and 

three new 
Directors 


Dr. Richard W. Porter, 
President 


Andrew G. Haley, 
Director 


Executive Committee 
Appointed 


N ACCORDANCE with the new By- 
Laws the Board of Directors has elected 
in executive committee to meet monthly. 
Chairman of the committee is Richard 
W. Porter, president. Its members con- 
ist of Noah 8. Davis, Jr., vice-president; 
James J. Harford, executive secretary; 
\. C. Slade, secretary; Robert M. Law- 
ence, treasurer; Martin Summerfield 
ex-officio nonvoting member); and direc- 
ors Andrew G. Haley and Milton Rosen. 
The Board of Directors will meet quar- 
erly (where possible in conjunction with 
\RS national meetings) and will be con- 
erned principally with matters of policy. 
ther directors for 1955 include Kurt 
jerman, George Sutton, Roy Healy, J. B. 
‘owen, W. von Braun, and R. C. Truax. 
At the first meeting of the Executive 
ommittee on January 10, in New York, 
ry. Porter made the following appoint- 
1ents of committee chairmen: 
olicy Committee: Andrew G. Haley 
lembership Committee: George Sutton 
wards Committee: R.C. Truax 
inance Committee: Kurt Berman 
rogram Committee: Noah Davis 
ominating Committee: Andrew G. 
Haley 
pace Flight Committee: Milton Rosen 
During the same meeting it was re- 
orted that membership in ARS stood at 
ie following figures as of January 1: 


Milton W. Rosen, 
Director 


Dr. Noah S. Davis, Jr., 
Vice-President 


Dr. Wernher von Braun, 
Director 


Symposium on Aero- 
thermochemistry 


LAstT fall the Mechanical Engineering 

Department of Northwestern Uni- 
versity announced the first of a series of 
Gas Dynamics symposia, to be held on 
Aug. 22, 23, and 24, 1955, having as its 
central theme the topic of aerothermo- 
chemistry. Because the field of aerother- 
mochemistry was also of great interest to 
ARS, the society offered to join with 
Northwestern University in the sponsor- 
ship of the symposium. At the time joint 
sponsorship discussions were culminated, 
it was also decided to expand the scope of 
the program to emphasize the subjects of 
Combustion Instability; Turbulent Com- 
bustion; Injection, Atomization, and 
Sprays; Ignition; and Modern Aspects of 
Laminar Flame Propagation. 

Because of the extension of subject mat- 
ter and for the benefit of the members of 
ARS who might be interested in preparing 
papers, the acceptance date for receiving 
abstracts has been advanced to Apr. 15, 


1955. Prospective authors are invited to 
send abstracts of their research papers 
giving, in approximately 300 words, a sum- 
mary of the material they wish to present 
at the symposium. These abstracts 
should be in the hands of the Symposium 
Committee by Apr. 15, 1955. Authors 
will be informed of tentative acceptance 
shortly thereafter and complete papers 
should be submitted by June 15, 1955. 
The extension of this date in no way af- 
fects the status of the many abstracts 
which have already been received from 
here and abroad. These have been care- 
fully studied and comments of reviewers 
are being sent to the authors. It is 
planned to publish all papers and their 
discussions in a volume of proceedings 
which will appear shortly after the com- 
pletion of the Symposium. 

Information concerning preregistration 
and the preliminary program will be availa- 
ble at a later date. Paper abstracts and 
correspondence concerning the Symposium 
should be sent to: 


Gas Dynamics Symposium 

Department of Mechanical Engineering 
Northwestern Technological Institute 
Evanston, IIl., U.S.A. 


Section Doings 


Chicago. New officers of the Section, 
which will be host for the 1955 Annual 
Meeting, Nov. 13-18, are: Vincent J. 
Cushing, president, Armour Research 
Foundation; A. D. Kafadar, vice-presi- 
dent, American Machine & Foundry Co.; 
John Kre, secretary, Armour Research 
Foundation; A. A. Affrunti, treasurer, 
Chicago Midway Labs. New directors 
are: A. B. Cambel, Northwestern Tech- 
nical Institute, and Gerald M. Platz, 
Armour Research. Filling the unexpired 
term of James A. Bryson, who has moved 
from the Chicago area, is Kenneth H. 
Jacobs of AMF. Other directors are J. 
E. Fitzgerald of AMF, G. A. Nothmann 
of Armour Research, and 8S. K. Coburn of 
the American Association of Railroads. 

At a Dec. 16 meeting, A. J. Hoehn, 
assistant manager of the Electrical Engi- 
neering Dept. at Armour Research, spoke 
on radio telemetering. He dealt princi- 
pally with radio frequency, types of modu- 
lation, and the requirements for sending 
and receiving stations. 

Cleveland-Akron. Direct quote from 
the Section newsletter under the caption 


as yet) 
Nov. 13-18 


ARS Meetings Calendar 


Apr. 18-22 ARS-ASME Spring Meeting, Baltimore 

June 19-23 ARS-ASME Semi-Annual Meeting, Boston Rockets, in- 
struments, 
space flight 

Aug. 22-24 ARS-Northwestern University Gas Dy- Combustion 


namics Symposium, Evanston, III. 
Sept.(nodates ARS Fall Meeting, Los Angeles 


ARS Tenth Annual Convention, Chicago 

Papers for all of the above meetings, except the Spring Meeting, are invited. 
Abstracts, or manuscripts, should be submitted to the Program Chairman, American 
Rocket Society, 500 Fifth Ave., New York 36, N. Y. It is requested that abstracts 
be sent 120 days prior to the meeting date. 


(see above) 
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ACCURATE 
SMALL SIZE 
RUGGED 
LIGHTWEIGHT 


High Pressure Transmitters 


Giannini pressure transmitters accurately 
translate pressure into proportional elec- 
trical signals of relatively high power — 
signals, that require little or no amplifica- 
tion for utilization. These high pressure 
transmitters incorporate a unique, direct- 
coupling arrangement between bourdon 
tube and potentiometer element which 
obtains movement amplification without 
the use of gearing or linkage, thus giving 
high sensitivity, repeatability, and low 
hysteresis. Specific models are available 
for operation under either normal or 
extreme conditions of vibration and 
acceleration. 
Models also available for low pressure 
and high altitude applications. 


GAGE ABSOLUTE 


WEIGHT DIFFERENTIAL 


MODEL 


0-100 psig 15-100 psia 0-100 psid 
* 46129 0.75 Ibs. up to up to up to 
0-600 psig 15-600 psia 0-600 psid 
0-100 psig 0-100 psia 0-100 psid 
46118 0.3 Ibs. up to up to up to 
0-6500 psig 0-600 psia 0-500 psid 
0-100 psig 0-100 psia 0-100 psid 
* 46119 0.6 Ibs. up to to 0 
0-6000 psig 0-600 psia 0-600 psid 
0-100 psig 
46139 0.75 Ibs. up to NONE NONE 
0-6500 psig 


Standard Resistance 2,000 ohms. * For Corrosive Media. : 
values of linearities, resolution, repeatability and hysteresis, write 
or bulletins. 


G. M. GIANNINI & CO., INC. PASADENA 1, CALIF. EAST ORANGE, NEW JERSEY 


“Liquid Rockets and Steaks Get Broiled 
at November Meeting’’: 

“The November meeting at Iaco- 
mini’s was a smash hit. Sixty (60) 
members and guests attended and en- 
joyed a terrific steak dinner and an ex- 
cellent talk. Morrie Zipkin, Bob Couts, 
and other members of the Program 
Committee can take a bow for that one. 
The speaker, Dr. L. G. Bonner of Alle- 
gany Ballistics Laboratory (a solid pro- 
pellant den of iniquity) proceeded to 
annoy all the liquid propellant people 
present by showing that liquid pro- 
pellant rockets were either undesirable 
or unnecessary, or both. He _ then 
settled down to demonstrate the tre- 
mendous superiority of solid propellants 
by discussing only a dozen or so major 
problems needing immediate attention 
on alarge scale. All kidding aside, even 
the liquid propellant people enjoyed 
themselves, and quite a few people 
enjoyed the liquid propellants. Hz:ve 
you ever heard of anyone who enjoy ed 
solid propellants?” 

Niagara Frontier. At a Dec. 14 mect- 
ing, the following new slate of officers and 
directors was elected: 

President, T. Zannes, Bell Aircra/t; 
vice-president, R. H. Gray, Bell Aircra(t; 
recording sec’y, R. C. Jensen, Bell Air- 
craft; corr. sec’y, S. F. Lewinski, Bell Air- 
craft; treasurer, E. A. Saltarelli, Bell 
Aircraft. 

Directors to serve until Dec. 31, 1956: 
H. R. Wahlin, Bell Aircraft; W. FE. G. 
Bond, Bell Aircraft; G. H. Markstein, 
Cornell Aeronautical Laboratory; D. Bb. 
Thomas, Mathieson Chemical Corp. 

Directors to serve until Dec. 31, 1955: 
W. M. Smith, Bell Aircraft; N.S. Davis, 
Jr., Buffalo Electro-Chemical Co.; H. 1. 
Coyer, Jr., Wales-Strippit Corp. 

New York. C. W. Chillson of Curtiss 
Wright is the new president of the Section. 
Others elected at a Jan. 4 Board meeting 
are: Morris I. Parker, Reaction Motors, 
vice-president; Charles G. Sage, Arde 
Associates, treasurer; and W. Dorwin 
Teague, Jr., Walter Dorwin Teague Asso- 
ciates, secretary (re-elected). 

In November, the members elected us 
new directors are: R. L. Graupe, Fair- 
child Engine Division; Mannie Schneider, 
Republic Aviation Guided Missiles Div.; 
Charles J. Marsel, New York University; 
and Paul M. Terlizzi of the USNARTS at 
Lake Denmark. Continuing as a director 
is J. P. Layton of Princeton University. 

Northeastern New York. A film festi- 
val was held at Union College, Schenec- 
tady, on Dec. 21 with’’“Sabre Jet in 
Korea,”’ Bell X-1-A Rocket Plane,” 
and “Horizons Unlimited’ (concerning 
the Glenn L. Martin Viking) on the 
program, 

New Mexico-West Texas. 1955 ofli- 
cers are: Russell K. Sherburne, New 
Mexico A&M, president; John S. Piech, 
WSPG, vice-president; Nathan Wagner, 
WSPG, secretary; Lawrence W. Garden- 
hire, WSPG, treasurer. The directors 
include Clyde W. Tombaugh, R. Gilbert 
Moore, G. H. Stine, L. J. Stecher, D. G. 
Simons, E. E. Francisco, Edward I. 
Brown, Dudley H. Cottler, Henry C. 
Donivan, Robert L. Lucas, Charies W. 
Mansur, George L. Meredith, Robert B. 
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Rypinski, and Frank L. Koen, chairman. 
Honorary director is Capt. Levering 
Smith, U. S. Navy commanding officer at 
WSPG. 

Florida. Major D. G. Simons, Chief of 
the Space Biology Branch of the Aero- 
medical Field Laboratory at Holloman Air 
Force Base, and a director of the New 
Mexico-West Texas Section, spoke at a 
Dec. 20 meeting (photo) on the biological 
effects of cosmic radiation at high alti- 
tudes. He was introduced by K. K. 
McDaniel, president. Among those in 
attendance at the meeting was new ARS 
member Zack Mosley, creator of the 
famed aviation cartoon strip, ‘Smilin’ 
Jack.”’ 

Pacific Northwest. C.C. Ross of Aero- 
jet-General Corp. spoke on design con- 
siderations of liquid-propelled rockets at a 
Dec. 9 meeting. Reliability was stressed 
and it was pointed out that “the guided 
missile is a one-shot device, and contrary 
to some early concepts that were put 
forth, the fact that it is a one-shot device 
does not simplify the design problems in 
meeting reliability requirements, but 
rather tends to complicate them.”’ 

Southern Ohio. New officers are: 
Walter J. Mizen, president; William C. 
Cooley, vice-president; Don E. Wrede, 
secretary; Robert W. Everson, treasurer. 
Two-year directors are: H. R. J. Grosch, 
G. Richard Lott, Allan D. Beverage; and 
one-year directors are Hans K. Rosenberg, 
John T. Marshall, and A. B. Longyear. 


Florida President K. K. McDaniel poses with speaker D. G. Simons (left) and Zack 
Mosley, cartoonist (right) 


Membership chairman is Erwin Delson; 
program chairman, Ed Glodeck; pub- | 


licity chairman, 8. H. Esleeck; education 
chairman, Cooley; Papers chairman, 


KEY POSITIONS NOW OPEN 
Marshall]; budget chairman, Beverage. 


| IN 
: McGREGOR, TEXAS 
ABOVE ALL...U.S.C. CONNECTORS 


Laboratory Supervisor 
Process Development Engineer 
MINIATURE CONNECTORS 
MI-34M 


Rocket Development Specialist 
Physical Test Engineer 
Pilot Plant Process Engineer 
Research Analyst 
Safety Inspector 


—and others including— 


openings for current 
technical graduates 


Excellent employee benefits. Schools, Bes 
shopping facilities, housing available in ae 


area. Mildclimate. Pay to match ex- 
perience and ability. Excellent oppor- 
tunities. 


UPCR.-18 


For use on rack and panel type U. S. C. Printed Card Recep- or Aang soda 

tacles offer Dependable Electrical Perfor- 
U. S. C, heavy duty multi-con- and Snap- of Space 

tact connectors offer in Contacts ® Available 5 to 75 contacts 


© Dependability of operation 
over range of printed card 
thickness 


If you would like to be considered for one 
of these challenging positions, 


© Maximum number of heavy 
current contacts 


Mechanical and electrical de- 000 types e=eeee 


pendability of operation in a 
minimum of space. 
available 7 to 34 contacts 


ZU. COMPONENTS, Inc. 


Associated with U. S. Tool and Mfg. Co., Inc. 
454-462 East 148th Street, New York 55, N. Y. CYpress 2-6525-6  - 


© Available . Single and double 
Row, Wire Solder and Wire 
Wrap - From 6 to 44 contacts 


Write us for information 
on your connector problems 


See Us At Booth 625 IRE Show Mar. 21-24 New York 
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please contact 


EMPLOYMENT OFFICE 
ROCKET FUELS DIVISION 
PHILLIPS PETROLEUM COMPANY 
McGREGOR, TEXAS 
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HEAVY DUTY CONNECTORS | 
980-34F2 
980-34HRSL  980-34M2SL 
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Honest John 


Roc 00-1000 


Nike 


Bumper Wac 


Sparrow 


Missiles by DOUGLAS 


A box score of 15 years continuous participation 


in designing and building guided missiles for the Air Force, Army and Navy 


Already key cities have the protection 
of a guided missile which can destroy 
the swiftest stratospheric bombers. This 
is Nike, operational result of long and 
versatile missile experience. 

Douglas association with rockets and 
guided missiles has seen this company 
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at work with other industrial leaders 
and our Armed Forces—to move missile 
development from a dream of push- 
button warfare to a solid reality. You 
saw it in the Bumper Wac research 
rocket, world altitude champion, in Hon- 
est John—field artillery rocket with high 


explosive or atomic wallop— 


in missiles of every type... air to air... 
air to ground . . . ground to ground ... 
ground to air. 

Douglas leadership in rocket airframe 
design has helped give us operational 
missiles in a relatively short span of time. 
Security cloaks even greater advances 
which are now on the way. 
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Book Reviews 


C. F. Warner, Purdue University, Associate Editor 


The Mars Project, by Wernher von 
Braun, University of [Illinois Press, 
Urbana, IIl., 1954, 153 pp. $3.95. 

Reviewed by Kurr STexLING 
Bell Aircraft Corporation 


This little volume deviates sharply from 
the great number of popular and semi- 
popular treatises on space flight which 
have been printed within the past few 
years. It is certainly not a book for the 
lay reader who would hope to find in its 
pages an illustrated imaginative trip to 
Mars. Indeed, this reviewer has not even 
seen SO many technical minutiae in serious 
preliminary design studies of much more 
mundane, but nevertheless complicated, 
vehicles. 

In essence, the “project” consists 
initially of three-stage returnable ferry 
vessels weighing approximately 13,000 
tons which would lift the vehicles and 70 
men for the Mars expedition to an orbital 
take-off path 1075 miles above the earth. 
A flotilla of 10 space ships each weighing 
some 4000 tons will then approach Mars, 
via an elliptical orbit. The flotilla will 
enter a captive orbit around Mars and will 
release three rocket-aircraft type landing 
“boats,’’ which will deposit 50 men on the 
planet’s surface. These hardy pioneers 
will then live for 400 Martian days in a 
presumably noisome environment. Then 
they will rejoin their lonely 20 companions 
who have been orbiting about Mars all 
this time. Leaving their landing boats 
and other miscellaneous hardware behind 
them the 70 pioneers will return to a 
circum-earth orbit from which they will 
finally glide to earth after an absence of 
almost three years. 

The author makes a number of general 
statements which do not have a_ sub- 
stantial premise. He says that he cannot 
foresee a practical application of nuclear 
rocket propulsion within the ‘‘next 25 
years’’ which would be superior to his 
nitric acid-hydrazine system. It is true 
that nuclear rocket propulsion from the 
earth’s surface may not offer a substantial 
advantage over chemical propulsion; yet 
surely, in the time that it would take to 
develop a 13,000-ton project, as described 
in the book, it might be possible to develop 
a nuclear rocket capable of interplanetary 
navigation. The arbitrary statements 
that the meteor hazard in space is negli- 
gible and that Mars’ atmosphere, while 
thinner, is similar to that of the earth’s, 
are not yet proved. If contrary to the 
author’s expectation, these factors could 
seriously prejudice space ship design based 
on a low margin of safety. Whatever 
merits inflatable nylon propellant tanks 
may have, resistance to nitric acid is not 
one of these. Also, life for the space 
rocketeer will certainly be interesting when 
he will struggle with huge inflatable bal- 
loon-like tanks, to be filled with hyper- 
bolic propellants, all floating about the 
earth at 18,000 mph. While the cgs sys- 
tem lends itself easily to computation, the 
author and his collaborators should have 
remembered the American engineer, who 
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is used to the English units of measure- | 


ment. It is a constant struggle and 


annoyance to change grams and centi- | 


meters into tons and miles. Further- 
more, a greater number of illustrations 
and some references would round out the 
text considerably. 

However, despite these points and a 
rather heavy-handed style, the experi- 
enced rocket engineer, who likes to see 
some numbers about a project which will 
permit an escape from this vale of tears, 
will find this little book a useful addition 
to his library. 


Literature Index of Astronautics, by H. H. 


| Acknowledged 


Koelle and H. J. Kaeppeler, Pustet 

Verlag, Tittmoning (Germany), 1954, 

100 pp. $1.60. 

Reviewed by ALFRED J. ZAEHRINGER 

American Rocket Company 

It is indeed pleasing to see such a 
thorough small book on the subject. The 
book uses a Dewey Decimal System of 
classification based on Dr. Eugene Saen- 
ger’s astronautical classification system. 
The preface and classification system are 
given in both German and English. Also 
given are a table of abbreviations and a 
complete listing of periodicals used in the 
bibliography. A great deal of European 


material is covered and for this reason the | 


book is valuable. The classification sys- 
tem makes it easy to find what is sought, 
and at the end of the book is included an 
author index. The bibliography is sur- 
prisingly given 
much astronautical material is given, it 
appears that most of the work falls into 
the rocket category. It is also surprising 


to see in this work a listing of many | 


American and British reports that have 


been missed by the new National Bureau | 


of Standards bibliography. The authors 
have taken the time to screen most of the 
entries to make sure of placing them in the 
proper category. It is estimated that 
about 3000 entries have been given in this 
work, which makes it valuable particu- 
larly for the period 1946-1954. Much 
of the purely aircraft literature has been 


eliminated, which makes it of value for the 


rocket and astronautical fields. 


Atomic Energy and Its Applications, by 


J. M. A. Lenihan, Pittman Publishing 


Corp., New York, N. Y., 1954, 255 pp. | 
$4.00. 


Reviewed by 8S. F. Stncer 
University of Maryland 


The great advances of the past ten years | 


in nuclear physics have produced new 
techniques with useful applications in 
almost every branch of science, medicine, 
and industry. The achievements and 
potentialities of this branch of applied 
science are well known among the present 
generation of atomic physicists, but the 
relevant information is not often available 
in publications readily accessible to those 
trained and employed in other specialties. 
This book has been written to provide a 
simple account of the physical foundations 
of nuclear science, a concise description of 


in English. Although | 


| 


| Specify 
The 


| Accelerometer 


| That 


Has 


| Merit 


The Medel ASA lineer 
accelerometer is 
available in ranges 
from +5g te + 200g. 


Employing the principle 
of the unbonded strain 
gage, Statham acceler- 
ometers are suitable for 
static and dynamic meas- 
urements and are offered 
in a wide variety of de- 
signs for each of the 
many fields requiring 
measuring instruments 
for acceleration and vi- 
bration studies. 


Please request 
Bulletins AL-1 
and AT-1 


LABORATORIES 
Los Angeles 64, Calif, 
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their applications, and a guide to future 
progress in the exploitation of atomic 
energy. 

Some of the industrial applications may 
be of interest to readers of this JouRNAL. 
These include, to mention just a few: the 
use of radioactive materials as tracers and 
for thickness gages, liquid level indicators 
and radiography; nuclear reactors for 
power production, submarines, aircraft, 
ramjcts, and rockets. 

After an introductory summary of cur- 
rent ideas on atomic structure, x-rays and 
radioactivity are discussed from an experi- 
mental standpoint. 
with nuclear stability and binding energy, 
providing a foundation for subsequent in- 
quiry into the fission process. There fol- 
lows a description of methods used for the 
detection of nuclear radiations by ioniza- 
tion chambers, Geiger-Muller counters 
and other devices. High-energy physics 
js next discussed, Chapter VI being de- 
yoted to particle accelerators. In Chap- 
ter VII consideration is given to the 
puciear reactions initiated by energetic 
particles or radiations. 

One particularly important class of 
fuclear reaction—the fission process—has 
a chapter to itself, thus completing the 
first section of the book. The various 
applications of nuclear physics are then 
taken up, and the three succeeding chap- 
ters deal with nuclear reactors as used for 
the release of energy and the production of 
tadioactive materials. The atomic bomb 
is a nuclear reactor of a special kind, and 


Chapter X. 

Next comes an account of the produc- 
tion of artificial radioactive materials and 
asummary of the precautions necessary 
in their use, followed by chapters dealing 
with their practical applications in medi- 
tine, science, and industry. Chapter XV 
tontains some comments on the develop- 
ments which may be expected during the 
next ten or twenty years and speculations 
on the more distant prospect. 


Men of Other Planets, by Kenneth Heuer, 
The Viking Press, New York, N. Y., 
1954, 160 pp. $3.00. 

Reviewed by C. L. Brown 
Purdue University 

This book is simply an attempt to 
present astronomy for the layman. It 
Fopens with a sketchy discussion of space 
travel and then examines the planets and 
some other members of the solar family as 
& space traveler might see them. 

Much of the material is well-established 
astronomy. For example, the appearance 
and behavior of Mars’ moons are de- 
scribed as seen from Mars. Surface fea- 
tures, temperatures, etc., are discussed. 
The sun, the moon, and each planet. are 
treated in turn. Unfortunately some 
speculation enters disguised as fact. 
There is plenty of clearly labeled specula- 
tion concerning the possible inhabitants of 
each planet. In the process the author 
imagines some rather strange monsters, but 
readers of science fiction may find them 
uninspiring. 

_ The book, in short, is a collection of (1) 
well-established facts rather well pre- 
sented; (2) some speculation presented as 
fact; and (3) considerable speculation pre- 

sented frankly as such. 


Fepsruary 1955 


Chapter IV deals | 


an account of its technical aspects occupies | 


TO THE FINE ENGINEERING MIND 


SEEKING THE CHALLENGING PROJECTS IN 


ROCKET PROPULSION ENGINEERING 


ROCKET PROPULSION ENGINEERS are offered unusual career opportunities now 
at Convair in beautiful, San Diego, California, including: Design Engineers for 
design and analysis of advanced high performance rocket engine systems and 
components including propellant systems, lubrication systems, control systems, 
mounting structure, and auxiliary power plants; Development Engineers for 
liaison with Engineering Test Laboratories and Test Stations in the planning, 
analysis, and coordination of rocket engine system and component tests; Devel- 
opment Engineers for coordination with Rocket Engine Manufacturers in the 
installation design, performance analysis, and development tests in conjunction 
with Convair missile programs. Professional engineering experience in rocket 
missiles and aircraft propulsion system development will qualify you for an 
exceptional opportunity. 

CONVAIR offers you an imaginative, explorative, energetic engineering depart- 
ment... truly the “engineer's” engineering department to challenge your mind, 
your skills, your abilities in solving the complex problems of vital, new, long- 
range programs. You will find salaries, facilities, engineering policies, educa- 
tional opportunities and personal advantages excellent. 


Generous travel allowances to engineers who are accepted. Write at once 
enclosing full resume to: 
H. T. Brooks, Engineering Personnel, Dept, 1402 


CONVAIR 


A Division of General Dynamics Corporation 


3302 PACIFIC HIGHWAY SAN DIEGO, CALIFORNIA 


SMOG-FREE SAN DIEGO, lovely, sunny city on the coast of Southern California, 
offers you and your family a wonderful, new way of life ...a way of life judged 
by most as the Nation's finest for climate, natural beauty and easy (indoor- 
outdoor) living. Housing is plentiful and reasonable. 
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Engineers with advanced degrees are needed for 
positions in Combustion Research and Physical 
Chemistry. 
Engineers with or without advanced degrees are 
needed as: 


RESEARCH ENGINEERS .. . for studies in heat 
transfer and Thermodynamics 


DESIGN ENGINEERS ... for design phases of 
liquid rocket power plants, thrust chambers, 
gas turbine pumps 


FIELD ENGINEERS ... for coordination of activi- 
ties at field test sites 


TEST ENGINEERS ... for development and pro- 
duction testing of liquid rocket power 
plants and their components 
COMPLETE ROCKET TESTING FACILITIES 
Openings also for Design Draftsmen and Technicians 
Send complete resume to: Manager, Engineering Personnel 


P. ©. BOX 1, 


os 


5 


i 


4, 


ae A long range program of research 
anid development in guided missiles 
~~ has created unlimited opportunities 
in all phases of rocket engineering. 
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Technical Literature Digest 


Jet Propulsion Engines 


British Aero Engines, Aeronautics, vol. 
31, Sept. 1954, pp. 104-121. 

The Rover Gas Turbine, Flight, vol. 66, 
Oct. 8, 1954, p. 561. 

Air Intake Efficiency, by F. B. Great- 
rex, J. Roy. Aeron. Soc., vol. 58, Sept. 
1954, pp. 639-648. 

Analysis of the Rotary Regenerator for 
Gas Turbine Applications and Investiga- 
tion of Regenerator Seal Leakage, by D. 
B. Harper, Mass. Inst. Tech. Div. Indust. 
Cooperation. Tech. Rep. no. 5, Aug. 1954, 
43 pp. 

Socien Charts for Axial Flow Compres- 
sors Having Constant Rotor Work Dis- 
tribution Over the Blade Span, by Robert 
E. Hunter, U. S. Air Force Wright Air 
Dev. Center. Tech. Rep. 53-152, April 
1953, 19 pp. 

The Performance of a Type of Swirl 
Atomizer, by A. Radcliffe, Chartered Mech. 
Engr., vol. 1, Sept. 1954, pp. 345-346. 

Some Performance Considerations of a 
Jet Transport Airplane, by G. S. Schairer 
and M. Lynn Olason, Proc. Nat. Turbine 
Powered Air Trans. Meeting, Aug. 9-11, 
1954; N. Y. Inst. Aero. Sct., 1954, pp. 
111-121. 

Turbine Powered Transports, by Joseph 
Smith, Proc. Nat. Turbine Powered Air 
Trans. Meeting, Aug. 9-11, 1954; N. Y. 
Inst. Aero. Sci., 1954, pp. 9-17. 

Long Range Propeller Turbine Engined 
Transports, by W. J. Strang, Proc. Nat. 
Turbine Powered Air Trans. Meeting, 
Aug. 9-11, 1954; N. Y. Inst. Aero. Sct., 
1954, pp. 45-57. 


Rocket Propulsion Engines 


A Variable Delay Timer for Premixed 
Gaseous Propellant Rocket Engines, by 
Loren Bollinger, Wright Air Dev. Center. 
TR 53-428, Oct. 1953, 21 pp. 

Photographic Investigation of Combus- 
tion in a Two-Dimensional Transparent 
Rocket Engine, by Donald Bellman, Jack 
C. Humphrey, and Theodore Male, NACA 
Rept. 1134 (formerly NACA RM ES8FO1), 
1953, 12 pp. 


Heat Transfer and 
Fluid Flow 


A Theoretical Note on Effusion Cooled 
Gas Turbine Blades, by R. Staniforth, 
Gt. Brit. Aero. Res. Counc. Curr. Pap. no. 
165 (formerly A.R.C. Tech. Rep. 15548), 
1954, 30 pp. 

A Study of the Mechanism of Boiling 
Heat Transfer, by Max Ellion, Calif. 
Inst. Tech. Jet Prop. Lab. Memo. 20-88, 
March 1954, 84 pp. 

Equations, Tables and Charts for Com- 
bressible Flow, by Ames Research Staff, 
VACA Rep. 1135 (formerly NACA TN 
1428), 1953, 69 pp. 

The Static Pressure Variation in Com- 
ressible Free Jets, by Walter R. Warren, 


M. H. Smith, Associate Editor, and M. H. Fisher, Contributor 
The James Forrestal Research Center, Princeton University 


Jr., Princeton Univ. Dept. Aeron. Engng. 
Rept. no. 270, July 1954, 9 pp. 

Tip Clearance Flows in Axial Flow Com- 
pressors and Pumps, by Dean A. Rains, 
Calif. Inst. Tech. Hydrodyn. and Mech. 
Engng. Lab. Rep. no. 5, June 1954, 25 


pp. 

Two- and Three-Dimensional Flow of 
Air Through Square-Edged Sonic Orifices, 
by A. Weir, L. J. York, and R. B. Morri- 
son, ASME Paper no. 54—A-112, Aug. 
1954, 14 pp. 

An Experimental Study of Two-Dimen- 
sional Gas Flow Through Valve-Type 
Orifices, by A. H. Stenning, ASME Paper 
no. 54—A-45, June 1954, 5 pp. 

Incipient Cavitationin Axial Flow Pumps, 
Part I. Tip Clearance Flows and Incipient 
Cavitation, by Dean A. Rains, Calif. 
Inst. Tech. Hydrodyn. Lab. Rep. no. E- 
56.1, March 1954, 18 pp. 

Thermal Conductivity and Its Variability 
With Temperature and Pressure, by 
Leon Kowalezyk, ASME Paper no. 54— 
A-90, Oct. 1954, 31 pp. 

Use of Numerical Analysis in Transient 
Solution of Two-Dimensional Heat Trans- 
fer Problem With Natural and Forced 
Convection, by Stanley Hellman and 
George Habelter, ASME Paper no. 54— 
SA-53, April 1954, 19 pp. 

Mechanics of Two-Dimensional Im- 
miscible Fluids in Porous Media, by H. 
I. Meyer and A. O. Gardner, J. Appl. 
Phys., vol. 25, Nov. 1954, p. 1400. 


Combustion 


Lateral Blowoff of a Bunsen Flame, by 
M. L. Thorpe and J. A. Browning, /ndust. 
Engng. Chem., vol. 46, Oct. 1954, pp. 
2203-2205. 

The Distributions of Concentration and 
Temperature in a Laminar Jet Diffusion 
Flame, by James A. Fay, J. Aeron. Sci., 
vol. 21, Oct. 1954, pp. 681-689. 

Ignition of Double Base Propellants by 
Detonating Gases, by M. A. Cook and F. 
A. Olsen, Utah Univ. Inst. for Study of 
Rate Processes Tech. Rep. 4, Sept. 1954, 
28 pp. 

The Combustion of Some Organo- 
Metallic Compounds, by Sir Alfred Eger- 
ton, Proc. Roy. Soc. Lond., vol. 225, no. 
1163, Sept. 1954, pp. 427-443. 

Diffusion Flames in the Laboratory, by 
John Barr, Adv. Group Aeron. Res. Devel. 
(NATO), AG11/M7, May 1954, 10 pp. 

Ignition and Combustion in a Laminar 
Mixing Zone, by Thomas Adamson, 
Calif. Inst. Tech. Jet Prop. Lab. Rep. 20- 
79, June 1954, 117 pp. 

Problems in Formulation of Design 
Procedures for Continuous Flow Combus- 
tion of Hydrocarbons, by Gilbert S. Babn 
and G. Warren Koffer, ASME Paper no. 
54—SA- 22, 1954, 15 pp. 

A Study of Flame Stability Based on 
Reaction Rate Theory, by I. A. De Zubay, 
ASME Paper no. 54—SA-27, 1954, 17 pp. 

Equations for a Hydrogen-Bromine 
Flame. High Speed Computations, I, by 
Edwin Campbell and Thomas F. Schat- 
ski, Wisconsin Univ. Naval Res. Lab. 


CM-819, Sept. 1954, 80 pp. 

High Frequency Oscillations of a Flame 
Held by a Bluff Body, by W. E. Kashan 
and A. E. Noreen, ASME Paper no. 54— 
A-66, July 1954, 10 pp. 

A Survey of Organ-Pipe Oscillations in 
Combustion Systems, by Abbott Putnam, 
William Dennis, and Bertrand A. Landry, 
Battelle Memorial Inst.  15034-4, 
Aug. 1954, 39 pp. 

Temperature Dependence of Stability 
Limits of Burner Flames, by Joseph Gru- 
mer and Margaret Harris, /ndust. Engng. 
Chem., vol. 46, Nov. 1954, p. 2424. 

The Formation and Deposition of Car- 
bon in Combustion Chambers of Turbine 
Engines, by C. Foure (in French), Advi- 
sory Group Aeron. Res. Devel. (NATO), 
AG12/MB8, May 3-7, 1954, 21 pp. 


Fuels, Propellants, and 
Materials 
Selection of Fuels for Commercial 


Turbine Powered Aircraft, by C. R. 
Johnson, E. R. Kennedy, and W. S&S. 
Little, Proc. Nat. Turbine Powered Air 
Trans. Meeting, Aug. 9-11, 1954; N. Y. 
Inst. Aero. Sci., 1954, pp. 177-194. 

Cooled Blades, Aircraft Production, vol. 
16, Oct. 1954, pp. 404-405. 

Program for the Evaluation of Titanium 
and Titanium Base Alloys at Bell Aircraft 
Corp., by William L. Burch, Bell Aircraft 
Corp. BIR-51-57, June 3, 1954, 9 pp. 

Turning Titanium Jet Compressor Discs, 
by John L. Elliott, Machine and Tool 
Blue Book, vol. 49, Sept. 1954, pp. 159. 

Effect of Ceramic Coatings on Fatigue 
Strength of Metal, by W. J. Plankenhorn, 
J. Amer. Ceram. Soc., vol. 37, June 1954, 
pp. 281-288. 

Devices Developed for Accelerated 
Tests on High Temperature Ceramic 
Coatings, by John V. Long, Corrosion, vol. 
10, Oct. 1954, pp. 335-336. 

Tensile and Compressive Stress-Strain 
Properties of Some High Strength Sheet 
Alloys at Elevated Temperatures, by 
Philip Hughes, John Inge, and Stanley B. 
Prosser, NACA TN 3315, Nov. 1954, 32 


pp. 

The Production of Excited Hydroxyl 
Radicals in the Hydrogen Atom Ozone 
Reaction, by J. D. McKinley, David 
Garvin, and M. Boudart, Princeton Univ. 
Chem. Kineiics Proj. TN no. 15, Oct. 
1954, 10 pp. 

The Dissociation Pressure and Free 
Energy of Formation of Ammonium Ni- 
trate, by George Feick, Arthur D. Little, 
Inc., 1954, 8 pp. 

The Application of Kinetics to the 
Hazardous Behavior of Ammonium Ni- 
trate, by R. M. Hainer, Arthur D. Little, 
Ine., 1954, 17 pp. 

On the Thermal Decomposition of Am- 
monium Nitrate Steady-State Reaction 
Temperature and Reaction Rate, by 
George Fieck, Arthur D. Little, Inc., 1954, 
10 pp. 

Thermal Hazard in Ammonium Nitrate 
High-Percentage Ammonium Nitrate Ma- 
terials, by R. M. Hainer and Warren C, 


iprtor’s Nore: This collection of references is not intended to be comprehensive, but is rather a selection of the most significant and 


timulating papers which have come to the attention of the contributors. The readers will understand that a considerable body of 


iterature is unavailable because of security restrictions. 


We invite contributions to this department of references which have not come 


o our attention, as well as comment on how the department may better serve its function of providing leads to the jet propulsion applica- 


ions of many diverse fields of knowledge. 
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OuTPuT 


MECHANICAL MEMORY 
with a heart : 


Ford Instrument Company engineers draw on the entire scope of scientific 
knowledge to solve each problem. In a recent project, Ford found good use for 
components it developed a score of years ago to produce a mechanical memory 
system whose accuracy is independent of the time interval, and which meets a 
military requirement of absolute reliability. 


-- --¢-- ------------ 
INPUT A 
CLUTCH D CLUTCH C | 
| 
saint CAM D CAM C 


In an instrument in which the input quantities may vary with time, it is desired to 
produce an output equal to the change in one quantity A since the time t,, added 
to the value that a second quantity B had at time t,. At the same time it is desired 
to store another output equal to the change in quantity A since a second time to, 
added to the value that the quantity B had at that time to. It is further desired at any 
subsequent time to be able to read the first output or alternately the second output. 

The storing of this information is accomplished by closing clutch C at instant 
1 and clutch D at instant 2. The first output is then read directly at any subsequent 
time and the alternate output by opening clutch C. To recycle — clutch D is then 
opened. 

Whatever problems must be solved in designing and manufacturing computers 
and controls, skills in electronics, magnetics, hydraulics and mechanical and elec- 
trical techniques are called upon by Ford engineers to develop the best instruments 
for the purpose. 

If you have a problem in control engineering, Ford Instrument Company’s forty 
years of experience in high precision design and production will help you find 
the answer. - 


FORD INSTRUMENT COMPANY 


DIVISION OF THE SPERRY CORPORATION 
31-10 Thomson Avenue, Long Island City 1, N.Y. 


ENGINEERS 


of unusual abilities 


Lothrop, Arthur D. Little, Inc., 1954, 


pp. 

Acetylene Polymers: preparation, phys. 
ical properties, infrared and ultraviolg 
spectra, by K. K. Georgieff and W. 7 
Cave, J. Amer. Chem. Soc., vol., 76, Noy, 
5, 1954, pp. 5494-5499. 

Free Radical Additions Involving Flue. 
rine Compounds, by Paul Tarrant ang 


E. G. Gillman, J. Amer. Chem. Soc., voli 


76, Nov. 5, 1954, pp. 5423-5425. 

Measurements of Vapor Diffusion Co 
efficients, by C. Y. Lee and C. R. Wilke 
Indust. Engng. Chem., vol. 46, Nov. 1954 
pp. 2381-2387. 


Instrumentation and 
Experimental Techniques 


Synthesis of Optimum Feedback 
Systems Satisfying a Power Limitation, 
by J. H. Westcott, Trans. ASME, vol, 
76, Nov. 1954, pp. 1253-1264. 

Recent Advances in Nonlinear Servo 
Theory, by J. M. Loeb, Trans. AS VE, 
vol. 76, Nov. 1954, pp. 1281-1290. 

Acoustic Design and Performance of 
Turbojet Test Facilities, by R.O. Fehr and 
B. E. Crocker, SAE Preprint no. 285, 
April 1954, 6 pp. 

On the Theory of Discharge Coefficients 
for Rounded-Entrance Flowmeters and 
Venturis, by Miguel Rivas and Ascher 
Shapiro, ASME Paper no. 54—A-98, 
April 1954, 22 pp. 

A Method of Estimating Dynamic Char- 
act2ristics of Physical Systems by Sydney 
Lees, ASME Paper no. 54—A-69, July 
1954, 6 pp. 

Calibration of a Nickel-Molybdenum 
Thermocouple, by Richard Potter, J. 
Appl. Phys., vol. 25, Nov. 1954, pp. 
1383-1384. 


Space Flight, Astrophysics, 
Aerophysics 


Jet Streams and Project Skyfire, by 
Vincent J. Schaefer, Proc. Nat. Turbine 
Powered Air Trans. Meeting, Aug. 9-11, 
1954; N. Y. Inst. Aero. Sci., 1954, pp. 
208-219. 

Some Atmospheric Phenomena and 
Their Possible Bearing upon Transport 


| Aeroplanes, by R. A. Cole, Aeronautics, 
| vol. 31, Sept. 1954, pp. 146-155. 


The Two New Terrestrial Moons and 
American Astronautical Policy, by Wayne 
Proell, J. Space Flight, vol. 6, Oct. 1954, 
pp. 1-5. 

Observing the Weather from a Satellite 
Vehicle, by H. Wexler, J. Brit. Interplan. 


| Soc., vol. 13, Sept. 1954, pp. 269-276. 


Design of the Life Compartment Neces- 


| sary for Space Travel, by N. R. Nicoll, 


J. Brit. Interplan. Soc., vol. 13, Sept. 
1954, pp. 277-282. 

Anisotropy of High*®nergy Cosmic 
Rays, by L. Davis, Phys. Rev., vol. 96, Nov. 
1, 1954, pp. 743-751. 

Time Variations of Extensive Air 
Showers and the Origin of Cosmic Rays, 
by T. FE. Cranshaw and W. Galbraith, 
Phil. Mag., vol. 45, Nov. 1954, pp. 1109- 
1118. 


| Terrestrial Flight 


Missiles of the NATO Nations, Amer. 
Aviation, vol. 18, Oct. 25, 1954, p. 78. 

Missiles for Research, Amer. Aviation, 
vol. 18, Oct. 25, 1954, pp. 92-93. 

The Role of the Missile, Amer. Aviation, 
vol. 18, Oct. 25, 1954, pp. 40-46. 

Missile Technology, Amer. Aviation, 
vol. 18, Oct. 25, 1954, p. 56. 
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The designer of guided missiles 
measures it in seconds .. . 

The designer of industrial equipment 
measures it in weeks ... months... 
even years. 

But whether design life is 30 seconds 
or 30 months, the problem is the 
same: a careful screening of the many 
super refractories now available to 
find exactly the right one. 

For example, CARBORUNDUM’’s line 
includes silicon carbide, fused 
aluminum oxide, electric furnace 
mullite and stabilized zirconia. 

To these add: 

* boron nitride 

* silicon nitride 

¢ boron carbide 

zirconium boride 


5 * titanium boride 
HOW LONG iS LIFETIME? chromium boride 

* molybdenum boride 
* nickel aluminide 


Continuing research is expected to 
add other new nitrides, carbides, 
borides and silicides to meet 
practically the whole gamut of 
destructive effects that accompany 
high heat. 

It sounds like a big inventory to 
choose from, and it is. That’s why it 
pays to have CARBORUNDUM’s 
refractory engineers help you pick 
the right materials . .. whether you 
need linings for rockets or industrial 
furnaces. 

The coupon below offers you an easy 
way to detailed information. Why 
not mail it right now? 


CARBORUNDUM 


Registered Trade Mark 


Dept. T-25, Refractories Division 
The Carborundum Co., Perth Amboy, N. J. 
(CO Please send complimentary descriptive booklet. 


C0 I'd like to talk with one of your engineers, 


Name. Position 


Courtesy U. $. Army 
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ENGINEERS OR PHYSICISTS 
FOR RESEARCH PERTAINING TO 
F ROCKET PROPULSION 


Recent graduates with pro- 
fessional degree or Ph.D. re- 
ceived since 1945 are required 
for: 


1) Research in combustion 
stressing fluid dynamical 
aspects. 


2) Research in non-steady 
fluid flow with energy 
and mass transfer. 


YOUR 
CALLING CARD FOR 
A BRILLIANT FUTURE... 


Bendix Missile Section is a major contractor in the U.S. Navy’s guided 
missile program --a part of the “new look” in our defense plan. Our 
expanding program has many opportunities for senior engineering 
personnel: Electronics Engineers, Dynamicists, Servo- Analysts, Stress 
Analysts, Project Coordinators, and Designers. Take time now to look 
into the opportunities which Bendix can offer you. Write Employment 
Dept. M, 401 Bendix Drive, South Bend, Indiana. 


Research engineer and test 
engineer (MS, mechanical or 
chemical) are required to en- 
gage in experimental programs. 


Airmail your summary of qualifi- 
cations to: 


| Caltech 
JET PROPULSION LABORATORY 


S 4800 Oak Grove Drive 
: Pasadena 3, California 


Jet PROPULSION 


94 


| : 
> 
| 
| 


DONT TREAD ON ME 


First Navy Jack, which unfurled the historic 
yarning to the world in 1775—believed to 
lave been first hoisted to the jackstaff of the 
ALFRED by one Lieut. John Paul Jones. 


naval history is being made today 


At 0955 on January 5th, one of the major events in naval aviation history took place. 

It was the unveiling of the United States Navy’s great new XP6M SeaMaster—Ship 
No. 1 and prototype of an entirely new concept in military aircraft. 

As a component of a powerful new arm of the naval arsenal—the Seaplane Striking 
Force —the Martin SeaMaster focuses national attention upon a revolutionary prin- 


ciple of military strategy, known as the WBA* concept. Here’s why: 

The SeaMaster is a highly versatile 4-jet waterbased aircraft, in the over 600 MPH 
class, which requires no fixed base and can operate from the seas, lakes and rivers, 
the coastal bays, lagoons and estuaries of the world... bases unlimited! 


‘Today the top-level talk is turning to WBA...and shown here is the reason. 
*WaterBased Aircraft 


BALTIMORE: MARYLAND 
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corridor to Mars? 


9030 Nebroske ave. (Dept 
Sentc Col 


"< —CONTROL SYSTEMS, STABLE PLATFORMS, MINIATURE AND SUB-MINIAT JRE RATE GYROS, VERTICAL GYROS, FREE AND DIRECTIONAL GYROS, 
ACCELEROMETERS, INTEGRATION, INTERVALOMETERS, POTENTIOMETERS, SYNCHROS, RESOLVERS. SENSING AND ACTUATING COMPONENTS. 
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